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SUMMARY
A study has been made of .the influence of benzotriazole as a corrosion, 
inhibitor for copper and brass in atmospheric and immersed environments.
The effect of benzotriazole as an addition agent in the copper sulphate- 
sulphuric acid plating bath has been investigated systematically, with a 
particular emphasis on the correlation between the structure and properties 
of the coatings.
Benzotriazole has been found to be a good inhibitor and v/as discovered to 
act as a weak buffer for copper and brass immersed in acidic, neutral and 
alkaline solutions. The film^formed by pre-dipping copper into a hot aqueous 
solution of benzotriazole^increased the corrosion resistance in many solutions 
and v/as particularly beneficial in oxidizing and complexing solutions, as 
well a.s in decreasing the rate of oxidation in atmospheric conditions up 
to about 350°C. Benzotriazole was found to have similar inhibitive 
properties to- napfithotriazole and v/as much better than triazole in several 
environments^
It was established, by using the Stereoscan,that the presence of benzotria­
zole in the plating solution modified the nucleation and growth of the 
deposits. With low concentrations adsorption occurred during plating, 
while with higher additions it v/as codeposited in a layered structure. In- 
deposits from the plain bath, the grain size decreased while the hardness 
and tensile stress ir±creased;as the bath temperature was lowered and the 
current density raised. Deposits from the bath containing benzotriazole 
had a much smaller grain size and were much harder, the actual hardness 
varying with the plating parameters in a similar manner to that of the 
deposits from, the plain bath. The internal stress, measured with the 
Spiral Contractometer, could be tensile or compressive and depended upon
the concentration of benzotriazole in the solution and the plating conditions,
2 2 the range of values being from l6k MN/m tensile to 121 MN/m compressive.
The results produced in this work have been analysed in the light of the
known theories and correlations produced.
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INTRODUCTION
The orginal aim of this thesis was to study the production of copper 
coatings deposited from the copper sulphate-sulphuric acid plating 
solution containing benzotriazole. This followed the introductory 
work of Prall who claimed that the inclusion of codeposited cuprous 
benzotriazolate increased the corrosion resistance of copper deposits.
The initial investigation in the present work (Chapter 4) was carried out 
on the inhibitive properties of benzotriazole for copper under atmos­
pheric, high temperature and immersed conditions. The emphasis of the 
research v/as later changed from the corrosion resistance of these coatings 
to the use of benzotriazole as an addition agent in the electrodeposition
of copper, after Kendall reported, in his thesis in 1968, that the inherent
as
resistance of these copper coatings was not^good as Prall had suggested.
This difference in corrosion behaviour, suggested by Kendall and confirmed 
in this work, was probably due to the fact that in his work the adsorbed 
film of benzotriazole was removed from the coatings before corrosion 
testing, whereas in Prall’s work it was not.
The first part of the work on the electrodeposition of copper (Chapter fO 
v/as a study, of the modifications produced by benzotriazole on the nucleation 
surface appearance and cross-sectional structure of the coatings. The 
current efficiency and throwing pov/er of the plating bath were measured 
with and without an addition of benzotriazole and are described in the 
first part of Chapter 6. An investigation was. made into the -effect on 
the grain size, hardness and internal stress produced by varying the 
purification and composition of hoth these baths, the bath temperature, 
current density and solution agitation,in the second part of Chapter 6.
These results are discussed in the light of the current theories and 
examined for correlations betv/een the plating parameters and the resulting 
properties.
It v/as expected that the knowledge produced would enable an assessment 
to be made of the practical use of benzotriazole both as a corrosion 
inhibitor and as an addition agent in the acid copper plating bath. This
research should also assist in the determination of the optimum 
conditions of composition and plating variables for the production 
of bright, hard deposits with a low internal stress, which are desirable 
for engineering purposes.
i. LITERATURE SDRVEY
1.1 Inhibitors
1.1.1 Introduction
1
The term inhibitor (from the Latin- inhibere, to check) may be defined as 
" a material which, when added in' small amount to an environment potentially 
corrosive to a metal or alloy in contact with it, effectively reduces the 
corrosion rate by diminishing the tendency of the metal or alloy to react 
with the environment". Inhibitors may also be applied to metal surfaces in 
the form of a coating e.g. phosphate and chromate surface treatments..
One of the first known uses of inhibitors was in the Middle Ages when they 
were used in acidic pickling solutions. Master armourers used acidic 
solutions to remove scale from metal articles and found .that the addition of 
organic compounds such as flour, bran, yeast, etc. to the acid retarded the 
metal•dissolution and prevented the appearance of pickling brittleness. For 
a long time, inhibitors were used exclusively for ferrous metals and alloys 
in liquid media, but more recently they have been applied to many non-ferrous 
metals, e.g. magnesium, copper, zinc etc. and also used as an addition to paint 
lacquers, oils and greases. Atmospheric inhibition has been obtained by the 
use of compounds which volatilize in air and form protective surface films 
on adjacent metallic surfaces; these substances are particularly useful in 
the packaging and storage of metals and equipment.
1.1.2 ' Theory
An.inhibitor may be used to reduce the rate of corrosion of a metal by 
affecting any one of four requirements which must simultaneously be fulfilled 
when metal dissolution occurs: •
(1) an anodic region at which corrosion takes place, usually M->Mn++ne;
'(2) a cathodic region where electrons are consumed, usually 2H+ +2e~*H2 or 
02 +/2H20 + 4e-M-(0H)“j
(3) an electrolytic contact (aqueous solution) between the anode and cathode;
(4) a metallic contact so electrons can flow from the anode to the cathode.
The rate of production of electrons at the anode must be equal to the rate 
of consumption of electrons at the cathode. Therefore, if the cathodic 
process is slowed then the anodic or corrosion process is slowed to the same 
extent. •
Many inhibitors operate by forming a film or an adsorbed layer on the metal 
surface, so'changing the anodic or cathodic reactions, or by increasing the 
electrical resistance at the surface. These film forming and adsorption 
inhibitors are very important and are now discussed in more detail.
1 .'1.3. Film Forming Inhibitors
This type of inhibitor can be used to affect the anodic and /or cathodic 
process and is normally used only in neutral solutions, because it is often 
not very effective in acidic conditions. Continuous corrosion occurs only if 
the products at both the anode and the cathode are freely soluble. However, 
if an addition is made to the solution to produce an insoluble product on the 
surface, this polarizes, or slows, the rate of the process and reduces the 
rate of corrosion. The substance, therefore, acts as a film forming inhibitor 
If an insoluble cathodic product is formed, the substance is called a cathodic 
inhibitor, e.g. soluble zinc compounds act in this way giving zinc ions 
which react with the hydroxyl ions produced at the cathode to form a film of 
zinc hydroxide on the cathodic region; this process can be summarised by the 
following equations:
02 + 2H20 + 4e->4(OH)~
Zn2+ + 2 (0H)~-3> Zn (OH)^
If the anodic reaction is stifled, the addition is called an anodic inhibitor>
e.g. carbonate ions in water form a protective film on the anodic areas of 
2iron according to the equations:
Fe ~> Fe2+ + 2e
Fe2+ + CCh^FeCO-^
-  o j
followed by 2FeC0, + 3Ho0 -*Feo0, + 2C0 2~ + 6H+ + 2e.
An alternative method of producing an anodic oxide film on ferrous surfaces
■ ■ 3
is obtained by anodic protection , which uses an external source of power to 
induce film formation, thus passivating the surface. Certain inhibitors affec' 
both the anodic and cathodic processes and therefore are called mixed inhibit o' 
inhibitors,e.g. zinc tetroxy-chrornate which gives zinc ions to protect the 
cathcdic areas and chromate ions which protect the anodic areas.
If only part of the anodic area is protected, as occurs when insufficient 
anodic inhibitor is.used, intense attack may occur at the small, unprotected 
area, because of the high anodic current density, and this often results 
in rapid pitting of the surface. Therefore, these anodic inhibitors are 
sometimes called "dangerous” inhibitors. However, when insufficient 
cathodic■inhibitor is used, the rate of the cathodic process is reduced 
(but not stopped), so the rate of corrosion of the anodic area is also 
reduced, in this case over the whole-large anodic area, so pitting cannot 
result. Thus, in practice it is necessary to use either a cathodic inhibitor 
or a sufficient concentration of anodic, or mixed, inhibitor to give complete 
coverage of the anodic surface.
1.1.4 Adsorption Inhibitors
A different group of inhibitors, which is normally used in acidic conditions, 
actsby adsorption on to either the metal or the oxide surface. These reacting 
species may be ions, atoms, radicals or molecules and are bound to the surface 
they may subsequently be replaced by a passivating oxide film. The bonding 
may be loose, and called physical adsorption, or it may be stronger and 
become chemisorbed.
The differences between physically and chemically adsorbed material are very 
important and govern the inhibitive properties of those substances. Some of 
these characteristics have been tabulated by Hackerman^.
Type of electronic 
interaction
Energetics
Kinetics
Specificity
Reversibility
Physical Adsorption
Van der Waalsb or 
electrostatic
Low heat of adsorption 
in water <  10Kcals
Chemical Adsorption
Actual charge transfe: 
or charge sharing
High heat > lOKcal
Rapid, relatively independent Slow reaction with 
of temperature. Activation activation energy 
energy often traceable to > 6Kcal
diffusion processes
Adsorbed species relatively 
indifferent to nature of 
adsorbent
Adsorbed material readily 
removed by solvent washing
Specific interaction 
with strong dependence 
on nature of adsorbent
Adsorption is irrevers:' 
and permanent
The weak Van der ¥aalsf or electrostatic bonding in physical adsorption 
accounts for the low energy involved in the process, the high speed of 
adsorption as well as the easy reversibility and non-specific nature of the 
reaction.
Corrosion may occur at exposed areas, where the inhibitor is desorbed, 
because these sites are no longer protected; to prevent this attack a 
supply of inhibitor must be readily available in the corrosive medium to 
recover the exposed areas and maintain protection. In contrast, the strong 
bonding in chemical adsorption explains1 the higher energies and the 
irreversibility of the process, as well as the specificity which is' due to 
the fact that chemical bonding depends upon both the inhibitor as well as the 
surface on to which it adsorbs. Slight variations in the nature of the 
adsorbing material are not likely to affect the physical adsorption, due to 
the general surface bonding, but, in chemisorption, these changes may have a 
significant effect on the electronic movement at the surface.
The adsorption process on the surface of a metal in an aqueous solution dependc 
upon both the polarity of the metal and the nature of the electrolyte. This 
polarity is present because, when a metal is immersed in water, some
dissolution occurs ( + ne) and continues until an equilibrium, between
*
the metal and the ions, is reached. This results in the metal gaining a net 
negative charge (due to .the electrons) and the aqueous solution adjacent to it 
a positive charge (due to the positive metal cations). These positive charges 
•tend to form a plane parallel to the negative charges in the metal surface., and 
the region between the surface and these cations is called the Helmholtz 
electrolytic double layer. Between this double layer and the bulk solution 
there is another region, called the Gouy-Chapman layer, which is more diffuse, 
up to 10 ^m thick,and has a net positive charge. The charges in the double
layer appear to influence the initial stages of the adsorption and have been
5 6 7discussed in detail by West , Antropov and Brasher . .
One important use of adsorption inhibitors, indicating the importance of the 
surface charges,.is in the acids used to remove the scales which either 
result from the heat treatment (millscale) or form in water pipes. Hydrochloric 
or sulphuric acid is normally used to dissolve the scales, so the cleaned 
metal is exposed to corrosion; it is on these areas that the inhibitor is 
preferentially adsorbed and protects the surface from attack by the acid.
Thus, the use of these inhibitors reduces the corrosion of the exposed
metal surface (often by 90%) 9 and minimizes both the loss of acid and also
8the volume of spray produced by the process . Inhibitors which can be used
for restraining the pickling of the scale include amines, thioureas and
5aldehydes, all of which exist in . a charged state in acidic solutions .
If the metal surface has a high negative charge, it preferentially attracts th 
positively- charged amines which, under these circumstances, act as Very 
effective inhibitors, whereas the negatively charged thioureas or aldehydes 
are more suitable for a surface with .a lower charge. In both these cases the 
charge on the metal surface is important in the adsorption and inhibition 
processes.
1.1*5 Benzotriazole
One of the most important inhibitors for copper is benzotriazole which can 
also be used as an addition agent in electroplating and it is these properties 
which are the main subjects of'this thesis. The inhibitive aspects are 
considered now and the use in electrodeposition is covered in a later part of 
the review. (Section 1.2.7)
The structure and bonding within the benzotriazole molecule, C X IL. have been 
9-12 ° 5 5'
widely studied and it is considered to have the arrangement shown in
Big 1.1.5(i)• The apparent dissociation constant has been determined by
measuring its absorption spectra with a spectrophotometer in different
•13solutions, and Stenstrdm and Goldsmith found that the dissociation constant
—8 2 1A
was 10 i.e. pK= 8.2, while Macbeth and Price observed a marked
displacement in the absorption spectra, on changing the solvent from alcohol
to water, a difference which they attributed to the ionizaticn of benzotriazol
■that occurred in the water. Benzotriazole, with a free imino-hydrogen atom,
■ 15has been shown to be strongly associated by Eeafield and Hunter . In a
recent book, on the dissociation constants of organic compounds in aqueous 
16solutions, Perrin quoted a value of pK - 8.64 for benzotriazole and, in a.
paper on the thermodynamics of proton ionization in-dilute aqueous solutions, 
17
Hansen et al gave a value of pK = 8.58 + 0.03.
The structure of benzotriazole in different solutions has been investigated
18
by Bagel and Ewing . They suggested that the type of ion depended upon the 
acidity of the solution and proposed the three different forms shown in
HV \
N2
/
(i) Neutral molecule 
- benzenoid structure 
in neutral and mildly 
acidic solutions.
NH
(ii) Cation
AAe
N\An'
(iii) Anion
Quinoid structure 
in acidic in basic
solutions. _ solutions.
Fig .1 .1 . 5.
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However, Tadashi thought that benzotriazole existed in the form of an anion
(Fig 1.1.5(iii)) in most solutions. A knowledge of the structure of
benzotriazole in water is important in understanding its mode of action as a 
corrosion inhibitor.
Benzotriazole, is'a specific corrosion inhibitor for copper and copper
alloys. It is commercially available and, at a cost of £1.57 for 100g,
provides a cheap and satisfactory inhibitor for most aqueous environments
in which a concentration of 0.1 to 1.0 g/l is used. Its physical and
20 21chemical properties have been studied by Cotton, 5 who found that in the
pure form it melts at about 98-100°C with subsequent sublimation. The
solubility in water increases from 1% w/v at 10°C to 20% w/v at 100°C and it -
is soluble in alkalies, 20% w/v at 20°C in 10/ caustic soda, and also in
acids, 50/ w/v at 20°C in 2F hydrochloric acid-. Benzotriazole is very stable
19 22in water and alkalies, but less so in acid solutions
Benzotriazole has been used to inhibit the corrosion of copper and copper 
alloys in both atmospheric and immersed conditions for at least ten years. 
Surfaces exposed to the vapour, or covered with a lacquer containing this 
inhibitor, have successfully resisted atmospheric corrosion for several years. 
When added-to aqueous solutions, pastes etc. it gives a marked decrease in 
the rate of corrosion.
1Q
These used have been described in recent reviews in Corrosion Engineering
'(by Tadashi in Japanese) and in Anti-corrosion (by Walker). The fact that
at least 44 patents have been granted indicates the extensive use of this 
23
inhibitor .
Q /
On metal surfaces, benzotriazole is thought to be chemically adsorbed ^
4and is characterized by the properties described earlier by Ha.ckerman .
25Morito and Suetaka studied the structure of the surface film formed by
benzotriazole and copper and ^ concluded that a cuprous benzotriazole compound
was produced by the substitution of a hydrogen atom in the nitrogen-hydrogen
group with a cuprous ion. The. plane of the molecule was found to be parallel
? 21
to the copper surface. Cotton concluded that the film formed is inert, 
stable and long lasting, so it is often possible to obtain corrosion 
protection over a considerable period without replenishment of the inhibitor.' 
A film is produced on copper surfaces in air and in close proximity to 
benzotriazole and prevents discolouration of the metal, which makes it 
particular^ useful in the packaging and storage of copper articles; this 
vapour treatment is very suitable for components which cannot be wetted^ 
e.g. electrical equipment. The inhibitor may be contained as a solid in 
packages, or the articles may be wrapped in paper which has been either 
impregnated.with the solid or immersed in a solution of benzotriazole; after 
this treatment, the surfaces can withstand staining in many atmospheres, 
including sulphur dioxide, salt mist and hydrogen sulphide. This use of
benzotriazole. in the storage and transport of copper has been described by
26Cotton and Scholes .
Copper tarnishes or stains in the atmosphere when it is used for exterior 
surfaces, such as architectural metal-work, e.g. building facades, pillars, 
window frames and plaques.
After several years of research BMMRA have produced a transparent
coating offering good resistance to outdoor exposure, including sunlight*
27
This lacquer is called "Incralac" and is based on a specific acrylic resm
with an addition of benzotriazole. Incralac became commercially available in
Britain in 19b4? is now widely used and has been found to give protection for
28more than five years. The recommended application, which must be on to a 
clean dry surface,--is by spraying to give a minimum dry film thickness of 
at least 25 x 10~^ /n>. Because this acrylic coating is rather soft, another
‘lacquer, based on polyurethane containing 1.5wt% inhibitor, was developed in
> 291967 and this gives a much harder coating . The use in other lacquers has
been described recently by Christie and Carter^ and also Spindel^.
Benzotriazole may be applied to metal surfaces by immersing the article in
a hot, aqueous solution and then air drying. This technique has been used in
the stabilizing of bronze objects to avoid "Bronze disease", which is an
unstable form of patina resulting from the conversion of cuprous chloride
on the alloy surface and often in pits and cracks. It is important to
remove or stabilize this*corrosion product, particularly on articles for
32decorative purposes. Brinch Madsen used either a benzotriazole wash or 
Incralac to stabilize the surface and prevent further corrosion of bronze 
antiques from Denmark, Egypt, England, India, Iraq and Persia with very 
satisfactory results. This widely employed immersion treatment inhibits the 
surface of copper and copper alloys which can then be used-for domestic objects 
because of the increased resistance to corrosion in many different environmen
Howeverj the most extensive application of benzotriazole is as an addition to
aqueous environments. It is the subject of a number of patents in antifreeze
solutions, liquids used in enclosed heating and cooling systems, hydraulic
23 33-38
fluids and detergents * . The addition of 1% of the inhibitor to
polishing waxes, alkaline cleaning solutions, oils and greases has prevented
23 39the rapid tarnishing of copper and copper alloy surfaces . The
effectiveness of benzotriazole as a corrosion inhibitor in aqueous chloride
solutions has been widely studied. Evans^ thought that the inhibition was
due to the formation of basic copper chloride which interacts with
4-1benzotriazole to form a "blocking substance". Bonora et al , who found: that
benzotriazole had a marked influence on the polarization of both the anodic
and cathodic processes of copper immersed in a 0.1 sodium chloride solution,
4-2also considered that benzotriazole stabilized the surface film. Tunturi 
showed that the inhibitor completely eliminated any weight losses of copper 
immersed in a 3% sodium chloride solution at 60°C.
Cotton and Scholes^ found that "benzotriazole was a more effective inhibitor 
in aqueous solutions that several other similar compounds including indazole, 
benzimida'zole, indole and methyl benzotriazole.
Many acids have been used to remove tarnish and to clean copper surfaces:
the addition of 1% to 10% benzotriazole, plus 5% to 25% thiourea, to those
acids has been found to inhibit corrosion of these cleaned surfaces, so the
17
use of these mixtures- in surface cleaning solutions has been patented
Benzotriazole alone has been found to satisfactorily prevent the corrosion
of freshly pickled copper surfaces ^  ^  although Bharucha did report the
4-7formation of visible compounds on the surface of the metal •. Ross and
A Q
,Berry have investigated the effect of benzotriazole on the corrosion of
copper in 10 wt% sulphuric acid in a circulatory flow system. A maximum 
inhibitor efficiency of 95% was observed, with a concentration of 0.01 M 
under stagnant conditions and, low flow rates, irrespective of whether the 
acid was aerated or not. The effect of increasing the flow rate depended 
upon the presence or absence of dissolved oxygen. With no oxygen, the 
efficiency was unaffected and remained about 95%* However, • the inhibitor 
efficiency was much lower in the presence of oxygen, with a value of 35% 
at a concentration of 0.01 M, and this was further .reduced by the 
introduction of turbulent flow. Therefore, the .presence of oxygen decreased 
the efficiency of benzotriazole as a corrosion inhibitor.
The presence of trace amounts of dissolved copper occurring naturally in 
waters, or from corrosion of copper surfaces, is often found to be harmful.
One indication- of copper ions is the bluish-green staining that may occur 
in sanitary fittings. As little as 0.1 parts per million of dissolved copper 
in water can produce a breakdown of passivity and pitting of aluminium, 
because the copper is deposited on to the aluminium surface and gives 
bimetallic corrosion. Pitting may also occur by a similar mechanism on zinc, 
galvanized steel, iron and steel. It is, therefore, potentially dangerous 
to connect copper with these metals in a water system or,
to run water from copper surfaces on to these metals^e.g. copper roofing with 
aluminium glittering is a bad combination. Dissolved copper may also have a 
detrimental effect in colouring or contaminating the products from the textile, 
food or soap industries. It can act as a catalyst in the oxidation and 
breakdown of antifreezes and accelerate the chemical degradation of rubber, 
important in the rubber hoses in car cooling systems.
In most of the above examples benzotriazole can he used to stabilize the
49,50
copper in the solutions and prevent the possible detrimental effects 
51Wall and Davies used 100ppm of benzotriazole to reduce the rise in the 
conductivity produced by dissolved copper ions in closed circuity water 
cooled stators used in the power.industry. In this system, if the 
conductivity rose above a critical value, there was the possibility of excessiv 
'energy losses, or even flashovars in the coolers, because high voltages 
of 6 to 8 kV were used. They found that the use of benzotriazole prevented 
the necessity of expensive equipment for the continuous removal of dissolved 
copper from the waters. ■ . .
The structure and'thickness of films formed by benzotriazole on copper
52 •
mirrors have been studied by Poling , who used infra-red reflectance 
spectra techniques. He correlated this information with the oxidation and 
reduction, corrosion reactions in aqueous solutions obtained from polarization 
curves. These studies indicated that the thickness of the surface films was
' -mr .
equivalent to several molecular layers of the benzotriazole complex. The
initial stage in the growth of the surface film on the copper was the formatio
of a chemisorbed monolayer. Fiim thickening then occurred by the movement
copper ions in the metal to the electrolyte surface, where they reacted with
the physically adsorbed benzotriazole molecules to form the insoluble copper
benzotriazole complex on the'surface. 'Because of the plentiful supply of
inhibitor in the solution, the growth of the film was controlled by the
availability of copper ions from the metal at the copper solution interfa.ce.
52 oPoling was able to form thick copper-oenzotriazole films (400-5>000 A), by
immersing copper in benzotriazole solutions which were corrosive and
increased the supply of copper ions, or contained a copper salt. These
surface layers were much thicker than those used by other worfcer!^f< 50 2.) and
gave excellent corrosion protection to immersed copper and also reduced the
rate of-oxidation of copper in air. An.addition of 0.01 wt% benzotriazole
to thin transformer oils was found to produce a similar thick protective film
rr
on copper in contact with it . This film prevented the corrosion of the
i
copper and consequently the production of copper ions which promote the 
deterioration of the oil: therefore, the inhibitor protected both the copper 
and the oil.
Polarization techniques have been used to investigate the effect of
benzotriazole on the anodic and cathodic reactions of copper in various 
21 52-54.
solutions • . By comparing the cathodic curves produced ir this
52
way, Poling showed that the films formed in oxygen-free solutions were 
much more protective than those obtained when oxygen was present. He also 
found that the anodic processes were inhibited by the high electrolyte 
resistance of the thick surface film. He deduced that, as well as acting as 
a physical barrier at the anode, the film inhibited the cathodic hydrogen 
evolution reaction much more effectively than the oxygen reduction reaction.
AQ
These conclusions of Poling are supported by the results of Ross and Berry , 
who measured the rate of corrosion of copper in flowing solutions of sulphuric 
acid. They found that, in the' deoxygenated acid, benzotriazqle wTas very 
effective and reduced the corrosion by 95% but, in the presence of dissolved 
oxygen, the efficiency dropped to 35% or less. Thus, in the deoxygenated acid 
in which the predominating cathodic process was the evolution of hydrogen, 
good protection was obtained because the benzotriazole inhibited this process. 
However, in the oxygenated acid the main cathodic reaction was the reduction 
of oxygen, which was not inhibited, so the benzotriazole was not.nearly as 
effective.
In contrast, other workers have used polarization curves to study the
inhibition produced by benzotriazole and they arrived at different, .conclusions
53Dugdale and Cotton decided that benzotriazole specifically inhibited the
oxygen reduction process and did not affect the hydrogen evolution process.
54However, in a later paper, Cotton and Giles ^ stated that the effect on the
oxygen process was very slight, and the main role of the benzotriazole was in
the passivation of the copper surface. This is in good agreement with the 
• 24results of Mansfeld et al , who suggested that a chemisorbed film was formed 
giving passivity on the copper surface, and also that the oxygen reduction 
process was inhibited.
The other main difference in the. results reported was that Poling produced 
surface films which were much thicker than those of the other workers 
21,24,53>54^• Mansfeld et al^ duplicated, as closely as possible, Poling’s 
experiments'^, but were not able to obtain films thicker than 60 2 and 
reported that they could not explain this discrepancy in the thickness.
This disagreement must be due to some important difference in the experiments,! 
technique used to form these surface films of copper-benzotriazole.
,It was generally agreed that•benzotriazole formed a surface film on the 
copper and this produced some inhibition or even passivation.. The experiments
AQ
of Ross and Berry , performed in'sulphuric acid, clearly indicatedany changes
in the hydrogen'evolution reaction which is the chief cathodic process. The
other workers used sodium chloride solutions, in which the predominant process
was the oxygen reduction reaction, and changes in the hydrogen reaction would
52 ■not be very marked. However, ’in the experiments of Poling •, the thick films 
may have behaved in a peculiar manner and not in the same way as .the much 
thinner ones. Therefore, in different circumstances, either of the cathodic 
processes may be inhibited and be reinforced by the formation of a protective 
surface film.
* 56-58
Benzotriazole can also be used to prevent dezincification of brass and as an
59inhibitor for cadmium and silver and as a re strainer in photographic
emulsions and developers^. With its sodium salt, it has been found to inhibit
the corrosion of cast iron and steel in neutral solutions*^ It has been
used as an addition agent in electroplating solutions of zinc nickel^ 
68—80
and copper .■ This application in the electrodeposition of copper from
the acid sulphate bath will be discussed later (in Section 1.2.7)
1.2 Electrode.position
1.2.1 General Theory
The theory of electrodeposition is now covered in considerable detail,
because it.is relevant to the major part of this thesis. The solubility
of a metal can be altered by varying the potential of a metal in an
81electrolyte, and the change is indicated in the Pourbaix Diagram . This 
is a diagram in which the potential of a metal is plotted against the pH
/
of water, and it is constructed from -thermodynamic and solubility data.
The stability of the metal is indicated by regions of corrosion or 
dissolution of the metal, immunity (or negligible corrosion, the concentration 
of the metal ions being less than 10 ^g.ion/l) and passivity' (in which the 
metal is covered with a protective film,often oxide).
Eor copper in a solution of copper ions the equilibrium potential, E, 
between the metal and its ions,
Cu2+ + 2 e # C u  
is given by the Nemst Equation;
n  -n0 . RT -lE = E +
Eor copper at 298 K this becomes;
E = +0.34 + 0.0295 log1Q aCu2+
Vhere E .= actual electrode potential
E ° =  standard electrode potential 
R = gas constant, 8.314 joules/deg.mole.
T = temperature in degrees absolute, 298°A 
n = number of electrons 
E = Earaday^-96,500 coulombs
a^n+ = activity of metal ions
. If the potential of copper is raised from the standard equilibrium value,
E° .= +0.34V» by an external source, then the activity and the concentration 
of the copper ions must increase to achieve a new equilibrium. This is 
obtained by the dissolution of copper, which occurs until equilibrium is 
again reached, and this dissolution is called the anodic process. If the 
potential is lowered, deposition of metal ions, occurs until equilibrium is 
attained and this is the cathodic process. These are the-thermodynamic 
aspects of electrodeposition and indicate the relative stability of a metal 
and its ions at different potentials, but the rates of these processes are 
not given.
The rate of deposition is a.function of the current density at the cathode.
Mien a metal is in equilibrium with its own ions, a very small current flows
in. each direction and this is called the exchange current, although no net
current passes. As the potential of the metal is changed from the standard
equilibrium value, E°, a net current flows and the variation in the potential,
&E, the overvoltage, is given by AE = E° - E. This change from the standard
equilibrium value of an electrode is .also called the polarization, and it
is equated with the current density, for potentials greater than 0.05V, by
82
the Tafel Equation :
7j = a + b log i
Miere q = polarization
a,b = constants
i = current density
The total polarization of a cell may be subdivided into three main types:
(1) activation polarization, which is concerned with
the charge transfer step in the inner part of the elect?rolytic double 
layer;
(2) concentration polarization, which is related to the changes in the 
concentration of the electrolyte in the anodic and cathodic regions;
(3) resistance polarization, which covers the resistance in the electrolyte 
together with any films on the surface of the electrodes.
Knowledge of these individual forms of polarization is important, but'it 
is the total value that is the main consideration in electroplating. It, 
forms part of the voltage drop across the cell, which determines the current, 
and hence the anodic and cathodic current densitj.es. Therefore, any fsntors 
which increase the polarization, such as the formation of surface films, 
decrease the rates of dissolution and deposition.
The current efficiency may also affect the rate of deposition of a metal 
at the cathode. This is that fraction of the total current which is used 
to deposit metal at the efecbrode, while the remaining current may liberate 
hydrogen or react with imparities at the surface. For the normal copper 
sulphate-sulphuric acid plating bath, the curren efficiency depends upon the 
polarization and is usually almost 100%.
*
(
The earliest work on the growth mechanisms of metal deposits on metal 
substrates was carried out from the vapour phase. The conclusions from 
these studies, which will now be discussed, were then modified and developed 
for the nucleation and .growth processes in electrodeposition.
The essential ideas of the growth of perfect crystals were put forward by
83—86Gibbs in 1878 and extensively developed by many others . It was 
considered that an atom in the vapour landed on a metal surface and then 
diffused to a suitable lattice site, such as those at the‘edges of monomolecul 
steps and particularly at kinks in these steps. Growth continued until all 
these stepped surfaces had disappeared and a perfect lattice plane had been 
produced. Further crystal growth then depended upon the formation of two 
dimensional nuclei, consisting.of new molecular layers on the surface. The 
probability of the formation of these new nuclei is very dependent upon the
supersaturation of the vapour; below a critical value (about 25-50%) if is
' 87 88quite negligible, but increases very rapidly above this value . However,'
real crystals grow at supersaturations of or lower, at which no nucleation
89should occur, according to this theory .
90Frenkel suggested that the surfaces of perfect crystals above the absolute
zero of temperature have a certain roughness, produced by thermal fluctuations
90
and he proved that these surfaces would contain a large number of kinks;
89
this was later confirmed . For continual growth, a high degree of saturation 
is still necessary to give a supply of new nuclei. However, this formation 
of new nuclei is unnecessary, if the imperfections on the ciystal surface
87 91include screw dislocations which produce self perpetuating growth steps ’
91-93These dislocations have been widely observed in deposits and are the
basis of the modem theory^* 94 97^
1.2.3' Crystal Growth by Electrodeposition
The main differences between electrodeposition and vapour deposition have
97been listed by Bockris and Damjanovic as:
(1) the existence of an electric field;
(2) the presence of adsorbed layers of anions, water molecules and metal 
adions;
(3) the particles which reach the surface are charged and not neutral;
(4) the velocity of arrival of ions at a cathode is much slower than from 
a. vapour.
However, although these differences 'exist, there are some similarities 
in the mechanisms of growth, such as growth on screw dislocations, which will 
be discussed later.
The principal growth forms on single crystal faces.have been reviewed-by
97 Q3 98 98-100Bockris and Damjanovic and may be in the form of layers , blocks ,
. ,  93,100,101 ._ 98-100 . _ 93,102 , , ... 103,104 . . /pyramids , ridges , spirals , dendrites , whiskers
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, and. many polycrystalline. Most of these features are very dependent 
upon the plating variables, polarization, substrate morphology, temperature 
and particularly impurities which may be adsorbed on the surface^’^ * <
Polycrystalline growth may be considered to consist of three stages^
(1) the initial growth, which is determined by the structure of the substrate 
(in thin deposits only):
(2) a transitional stage, - in which twinning may occur giving polycrystalline 
structure;
(3) the final stage, in which the structure of the deposit is characteristic 
of the conditions of deposition and independent of the substrate (in 
thick deposits). The thickness at which the transition occurs depends . 
upon the plating conditions, and, if the current density is increased, it 
takes place earlier in thinner coatings
One fundamental aspect of the process of electrodeposition is the method of
transfer of the hydrated ions in the solution to the lattice sites. Bockris 
111
and Reddy suggested that an indirect path ^involving surface diffusion, is
more probable than the direct discharge of the ion at the lattice site. After 
the ion is.adsorbed on the surface, it must move to the growth site, probably 
by surface diffusion to a step site and then via the step to the kink site,
where it is incorporated in the lattice. This surface diffusion is considered 
to be the rate controlling step in the electrodeposition of copper at potential 
near to the reversible value^^’^
In the deposition of copper from the cupric ion, it is thought improbable
11that the transfer-of two charges can occur in one step. Mattson and Bockris
have found that the process is from the cupric ion to the cuprous ion and
then to copper. It is the first of these changes, cunric to cuprous, which
115Is the rate controlling step , and this has been confirmed by using a
116 ■rotating disc cathode to assist the diffusion processes .
1.2.4
Nucleation and the Early Stages of Growth of Copper Electrodeposits
The nucleation and growth of deposits appear to have a significant effect
on their physical'and chemical properties, so that a considerable amount of
99work has been carried out in this field of study. Pick et al have
extensively investigated the structure of copper deposited from purified
copper sulphate-sulphuric ‘acid solutions on to copper single crystals of
different orientations. In the very early stages of deposition, isolated
growth centres or layers developed, which were bounded by facets with low
crystallographic indices. The growth of surface features varied considerably,
both in the appearance and the nature of the dominant crystal faces, and
depended upon the crystallographic orientation of the cathode surface^ while
the surface topography was found to coarsen as the plating .time increased.
117The nucleation of copper deposits was assisted by the presence of impuritie, 
and involved the spreading of flat disc-like nuclei, as would be expected from 
the’classical mechanisms already discussed.
Deposits on copper single crystals have a structure which d.epends upon the
118—120plating conditions and have the same three characteristic stages of
121
growth (epitaxial, twin and polycrystalline) as have been previously
110reported for silver. . The thickness just prior to polycrystalline growth
121has been hyperbolically related to the current density . , high current density
giving the thinner deposits. At low current densities the’rate of discharge
of metal ions was sufficiently slow for the atoms to arrive at the correct
lattice sites, so that few nuclei formed and these grew laterally to give flat
surfaces. Therefore, this epitaxial growth continued to large thicknesses of
the coating. At higher current densities more nuclei formed epitaxially and
*122 123grew, but did not join together perfectly and faults were produced 9
12 AThe above work supported the prediction of Burger ^, that if the rate of 
addition of atoms to a surface is sufficiently high, there is an increased 
probability that atoms arriving at twin positions remain, are joined by 
others and grow. Deformation of the deposit may occur as the concentration 
of the twins, stacking faults and dislocations increases. Rearrangement in 
the stxucture and the formation of nuclei with different orientations give 
polycrystalline growth and perhaps internal stress.
1.2.5 The Structure of Copper Deposits
The structure of deposits is very important because it has a'profound effect 
on the properties of the coatings, for example the hardness and stress may 
be. very high for deposits with small grain size. . There have been many 
attempts to classify the different types of structure produced during plating^ 
but it is often difficult to distinguish between similar structures, as they 
depend upon the plating conditions and different combinations and transitional 
forms may occur.
125Weil and Read divided the microstructures of metals, including copper,
deposited from pure plating solutions (without addition agents) into those
without and those with a preferred direction of growth. A more comprehensive
126classification, was suggested by.Fischer , on the basis of the growth habit, 
as seen under the optical microscope:
(1) field orientated isolation type growth of single crystals, 
which may be very large with dendritic branching;
(2) basis prientated reproduction growth, in which the crystallites in the 
coating are parallel to those in the substrate and normally occurs if few 
nuclei form on a chemically polished cathode and large crystallites are 
allowed to grow;
(3) field orientated texture type, which shows marked preferential growth in 
the direction of the lines of the electric field, normally with a fibrous 
texture; •
(4)- twinning intermediate type,' i.e. the transition between the basis and 
the field orientated growth discussed in Section 1.2.4;
(5) unorientated dispersion growth, which shows a random arrangement with no 
preferred orientation. ,
The first two groups are not normally observed in commercial plating, because 
these forms of growth are easily inhibited by the presence of impurities.
Field orientated isolation growth gives individual crystals, which do not 
form the continuous coatings required in practice, so that growth of the single 
crystals is deliberately inhibited by the use of cotain addition agents and 
better deposits are formed.
The'second group, basis orientated deposits, are produced from pure 
solutions on chemically or electrochemically cleaned surfaces, where the 
orientation effect of the base metal affects the deposit. The mechanically 
polished surface normally used in commercial plating is covered with a 
Beilby layer of unorientated crystals and metal oxide, so that basal 
orientation of the deposit is prevented. In copper plating from the pure 
acid bath, the basis orientated reproduction growth is encouraged by the use 
of a low current density and high bath temperature with a chemically clean
substrate. The use of low concentrations of an addition agent such as
127 128
0.16 g/l acridine , 0.017 g/l chloride ion or 1.0 g/l p-phenolsulphuric
129 •acid may give a similar growth structure with grain refinement.
Field orientated texture growth can be obtained from the copper sulphate
bath at low temperatures, or by the use of an addition agent, e.g. 1.3 g/l
asparagine, 0.09 g/l p -naphtho quinoline”^ ^  , 0.1 g/l gelatine*^  ^  or 
/ 1 3 30,1 g/l thiourea . Unorientated dispersion growth, with a grain size 
that is tbo small to observe .with an optical microscope, has been plated 
from the copper sulphate bath, with a higher concentration of the same
addition agents which gave the field orientated texture previously described,
*130 *132 "13e.g. 13*0 g/l asparagine , 0.2 g/l gelatine , 1.8 g/l/? -naphthoquinoline
127 6q
or 12.9 g/l quinoline . The use of 0.012 g/l benzotriazole has also
been found to give this type of structure.
Fischer did not mention the banded deposit which has been described by Lamb 
134
and Valentine and is often obtained in deposits from the copper sulphate
bath with an addition agent,e.g. 0.024 to 0.08 g/l benzotriazole^, 6.5 g/l
135 135 136asparagine ,9*2 g/1 brucine D or 0.04 g/l thiourea with 0.8 g/l molasses
From these classifications, it is obvious that impurities or addition agents 
have a very considerable effect on the structure of electrodeposits. The 
use of these chemicals is very important, because the modifications produced 
in the structure alter the physical and chemical properties of the coatings.
In commercial plating, the careful use and control of addition agents gives 
deposits with desirable properties^.g. increased brightness or hardness,and 
the use of these compounds will now be discussed.
1.2.6 The TJse of Addition Agents in Electroplating
The presence of small amounts of certain substances in plating baths may, 
as has already been mentioned, have a marked effect on the nucleation and 
growth mechanisms, as well as on the properties of the deposits. These 
substances may occur naturally in the plating bath and are called impurities, 
or may be deliberately used as addition agents to give some desired improvemen 
in the deposit, such as a smooth or hard surface.
It is-rare in normal practice for a metal to be electroplated in a perfectly
137
pure form. Brenner found that all electrodeposited metals contained 
minute impurities of hydrogen, oxygen and other elements derived from the 
bath, but these did not appreciably affect the properties. However, under 
certain circumstances, the impurity content was much higher (several percent) 
and the properties of these deposits were considerably changed.
The presence of hyraogen, codeposited, from the acid bath in nickel and
chromium electrodeposits, has been proved by the method of vacuum heating
followed by analysis. This gas in the deposit produces a strained lattice
which results in internal stresses in the coatings, as'well'as increasing 
138the hardness . The presence of high concentrations of other impurities
may have a similar effect on the hardness, for example,as much as 10.7%
139bromide has been reported in copper deposits from a bromide bath .
Addition agents can be used to modify the brightness, levelness, hardness,
adhesion, strength, electrical resistance, internal stress, porosity and
137—14.3
grain size of deposits *. Normally, there is some codeposition of the
addition agents which results in the change in the mechanical properties.
141
Thus, Zentner et al concluded, from their results on the effect of addition 
agents, that "substances present in the plating solution affect the properties 
of the eletrodeposit only to the extent that they influence the co-deposition 
of foreign material". Thus, surface active agents have a much greater effect 
than compounds which are dispersed homogeneously in the solution and not 
preferentially adsorbed.
A summary of some of the important effects of addition agents can be
represented in the form of a flow chart, Pig 1.2.6, based upon the work 
144
of Edwards
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145 -Marble , who studied the effect of 76 different addition agents on the
mass and structure of copper deposited from the acid bath, concluded that
there is no single relationship between the type of the deposit and the
chemical nature of the addition agent- This does not necessarily disagree
141with the observation of Zentner et al , who studied the effect of the
chemical nature of the addition agent when incorporated and combined into
the deposit, rather than that of the free addition agent'in the plating 
solution. Marble found that the structure of the elecfcrodeposited copper 
depended upon many factors including the solution composition, current 
density, temperature and agitation, as well as the presence of addition 
agents.
143Eichkom and Fischer have discussed the influence of surface active 
substances on the base and field orientated types of deposit and found 
that impurity molecules in the plating solution increased the distortions 
of the lattice and consequently affected the properties of copper electro­
deposits, such as the electrical resistance and hardness; this modification 
of the structure has also been described elsewhere ? 142,144^ r^g
adsorption of the impurity molecule on to the cathode surface is very 
important in the surface diffusion, nucleation and growth of the electro­
deposits; this process depends upon both the adsorption energy and the
concentration of the impurity in the solution. The type of nucleus formed
137is modified by the adsorption of the impurity and the distribution is
determined by different factors including the activation energy of different
111 117 sites , the frequency of total nucleation , the preferred nucleation at
certain crystallographic sites and the velocity of the growth of such nuclei
96 146-149into preferred crystallographic directions J ^ ^ . Generally, as the
15concentration of impurity increases, the grain size of the deposit decreases3 
which causes an increase in the disorder, grain boundary density and 
dislocation density. . . .
It has been suggested tha-t, as the molecular size of the surface active 
material increases, the degree of adsorption is increased and a greater 
change is observed in the properties of the deposits  ^ ■ .  Changes in
the structure of an electrodeposit may be caused by several factors. As 
an increasing area of the surface is covered by adsorbed material, the 
lateral growth of crystallites may be encouraged and a levelling effect 
produced as discussed elsewhere. Also, as the density of the coverage 
increases, the surface tension decreases, so that the rate of nucleation and 
the probability of a transformation from two dimensional to three dimensional 
nucleation are both increased. This has been found to happen with copper 
deposits from the acid bath with increasing concentration of O-phenanthroline 
At concentrations of less than 10 mol/l the base orientated type of 
structure was produced, with less than 5 x 10~^ mol/l the field orientated 
texture was formed and at about 5 x 10  ^mol/l the non-orientated dispersion 
growth occurred. Thus, as the concentration of the inhibitor increases, the 
nucleation and growth are both affected. -
163The presence of gelatine is known to affect the nucleation of copper
from the acid bath. Adsorption occurs at growth sites and it has been
found that only a few molecules of gelatine are required to inhibit ,
163pyramidal growth, compared with the much more stable cubic layer growth
The concentration of gelatine decreased as the plating time increased which
1 64-suggests that it -was codeposited and this has been confirmed by the fact
that cross-sections oi the deposit have been shown to consist of alternate
165layers rich in copper and gelatine . This is another example of the 
banded structure described in Section 1.2.5 and of adsorption affecting both 
the nucleation and growth mechanisms.
In copper piating from the sulphate bath, addition agents have been used 
commercially for brightening, surface smoothing, grain refining, increasing 
the limiting current density and the hardness, reducing treeing and internal 
stress. However, the conditions for the use of a particular addition have to 
be evaluated for each application, so that the undesirable characteristics 
can be avoided, for example, the production of a bright surface is not 
satisfactory if it is highly stressed and peels.
1.2.7 benzotriazole as an Addition Agent
Benzotriazole has been found to have a marked effect on the properties of 
electrodeposited copper^ This compound is also a corrosion inhibitor
for copper and copper alloys and this property has been discussed in 
Section 1.1.5. The effect of the addition of this compound to copper plating 
.solutions is the major aspect of this thesis and, therefore, the literature 
is reviewed comprehensively. .
The first work on the use of benzotriazole as an addition agent in the
copper sulphate-sulphuric acid plating bath was carried out by Prall and 
70
Shreir . This was probably the first deliberate attempt to co-deposit 
a known corrosion inhibitor in a metallic coating. If the plated surfaces
were exposed to corrosive environments, which would allow the deposit to
release the inhibitor, an improved corrosion resistance would be obtained.
This was observed when the coatings were immersed in hydrochloric
sulphuric acid and the codeposited cuprous benzotriazolate was slowly
71oxidized by dissolved oxygen to give cupric ions and benzotriazole , 
which inhibited the rate of corrosion of the copper deposits.
The effect of benzotriazole on the surface topography has been studied by 
71
Prall , who found that the copper deposited was coherent and highly 
reflective when the concentration of the addition agent was about 0.24 g/l.
At very low concentrations the deposits were coarsely crystalline, but with 
more than 0.024 g/l they became more reflective.
¥hen cross-sections of the deposits were examined, a layered or banded 
.structure was observed if the plating solutions contained more than O.O48 g/l, 
but below this there was no banding. However, banding could be induced into 
deposits with less than O.O48 g/l, by switching off the current to allow a 
surface film of benzotriazole to form, and then plating again. The cross­
sectioned deposit showed a band for every occasion that the current had been •
switched off, provided that, a sufficient period of time was allowed for
166adsorption and film growth. It has been found elsewhere , that this film
produces a weak bond with the metal surface and the deposits subsequently
plated were easily detached without damage. This procedure has been utilized
in the stripping of copper coatings from substrates for use in the production
166of foils and other elecfcroformed articles
69 •Prall and Shre.ir were able to prove that the copper deposited from these 
solutions contained undecomposed benzotriazole, which was recovered and 
determined quantitatively by a process of solvent extraction followed by a 
displacement reaction with silver ions. In this manner they analysed the 
deposits and found that the inclusion concentration was a function of both 
the electrolyte composition .and the plating variables. The inclusion content 
of benzotriazole in mg per lg copper varied with the following:
1
(.1) The concentration of benzotriazole in the plating solution, from 
0.010 mg (with 0.00008 g/l) to 2.925 mg (with 0.240 g/l);
(2) the plating bath temperature, showing a decrease from 2.560 mg 
at 25 C to 1.390 mg 45 C and then an increase to 5 • 010 nig 
at 75°C;
2.(3) the current density, from 0 mg with 700A/m to 3*065 mg with 
25A/m ;
(4) the concentration of copper sulphate which ranged from 4.5 mg with 
20 g/l to 5*0 mg with 30g/l and then to 1.7 mg with 330 g/l;
(5) the concentration of sulphuric acid, showing a rise from 0.860'mg 
with 0.35 ml/l to 2.720 ml/l and then a drop tc 0 mg with 250 ml/1.
Agitation of the cathode increased the brightness of the deposits and gave 
a pronounced increase in the inclusion content from 2.650 mg with a still 
cathode to 6.295 mg when the amplitude of' the cathode was 2'x 10 Air
agitation of 23.0 ml/s resulted in an even higher inclusion of 7*740 mg 
and very bright deposits. . Solution agitation produced an initial decrease 
(2.700 mg to 1.070 mg), followed by an increase to 4*870 mg. Therefore, it 
follows 'that by varying the plating conditions, the amount of the inclusion 
can be carefully controlled together with the surface brightness and appearanc
f\0 HA
Prall ? also^  proposed a physical model to explain the banded structure 
and different inclusion concentrations found in these deposits.
The following possible mechanisms for the entry of benzotriazole into the
69 71copper deposits were also considered ’ t
(1) benzotriazole chelates with the copper surface, which is continually 
being re-formed during deposition, so becomes included in the growth;
(2) soluble complexes of cupric benzotriazolate which exist in the 
solution may become included in the deposit;
113
(3) the benzotriazole reacts with the transient cuprous ions (present 
during the deposition process) to form an insoluble complex on the 
plating surface, which then becomes included in the deposit.
The first mechanism appeared to be supported by the fact that film formation
21occurred when copper was immersed in a benzotriazole solution . The 
diffusion of benzotriazole to the metal surface is the main factor affecting
the inclusion content in this process. It was, however, discounted 
because the inclusion content was found to depend upon many other factors 
which do not affect the diffusion processes in the solution, such as the 
concentrations of copper sulphate and sulphuric acid in the plating hath.
The second mechanism was not supported by the decrease in the amount of 
inclusion with an increase in the copper sulphate concentration of the bath. 
Also, the fact that the inclusion content was related linearly with the 
cuprous ion concentration, and only to the square root of the cupric ion 
concentration, suggests that the inclusion was cuprous benzotriazolate.
In the deposits from solutions containing different volumes of sulphuric 
acid, the maximum inclusion content was in the range where cuprous 
benzotriazolate is precipitated (about pH = 1), whereas, above a pH of 
about two, a turquoise precipitate of the cupric complex was o'bserved? 
accompanied by a decrease in the inclusion concentration (2.72 mg at pH = 1 e52 
1.27 mg at pH = 2.05, and 0.86 mg at pH = 2.38). Therefore, it was thought 
more probable that the cuprous, and not the cupric form, became included in 
the deposit. Factors such as agitation, which increase the diffusion of 
benzotriazole in the solution, assist the formation of the complex and increas 
the amount of inclusion.
The formation of the cuprous and cupric complexes in different solutions has
72also been studied by Gerenrot and Eichies . They found that in the acid 
bath the cuprous form was present with up to 0.25 g/l benzotriazole in the 
solution, but above this level the cupric compound was produced. This is in 
agreement with Prall and Shreir^, who used solutions with up to 0.24 g/l 
and found the cuprous form was stable.
71The mechanical properties of these deposits were not studied by Prall , excep 
for the observation that certain coatings were stressed. He found that by 
varying the concentration of the copper sulphate in the bath, the stress 
could be varied from tensile (60 g/l) to zero (125 g/l) ancl to compressive 
(180 g/l), but the magnitude of these stresses was not determined. Several
physical and chemical properties of these deposits have been investigated 
68
by Kendall , who studied the internal stress, hardness, strength and 
corrosion resistance.
68
Kendall used 125 g/l analar copper sulphate and 49 g/l microanalar 
sulphuric acid in his plating solution, which was purified by refluxing with 
hydrogen peroxide to oxidize impurities, then treated with activated charcoal 
to absorb them. The anode and cathode were separated by a porous pot to 
prevent any 'decomposed anodic products from affecting the deposition processes 
at the cathode.
The surface of the pure deposits was coarse and angalar, but an addition of
68
up to 0.024 g/l benzotriazole produced grain refinement and a ma+-t finish .
With O.O48 g/l the deposits were bright and had a fine nodular growth, the
nodules becoming larger and flatter as the concentration increased to O.24 g/l
at which value a bright surface was produced. Epitaxial growth from the
substrate was eliminated by an addition of 0.01 g/l, and a similar change
167
has been observed with other addition agents ■. Cross-sections of the
deposits showed'that banding started at concentrations above 0.06 g/l, which
71
is in close agreement with the figure of 0.048 g/l quoted by Prall .
• 68The internal stress in copper coatings was measured by Kendall with the 
spiral contractometer and continuous readings were taken up to a deposit 
thickness of 3»8 x 10 m. These results are summarized for the maximum 
thickness in Table 1.2.7 (a) overleaf.
Cone, of Benzotriazole 
g/l
Current Bensity 
A/m
Temperature Stress
MU/m
0 ‘ 200 25 . 68.9T
0.01 200 it 207T
0.12 200 t 138C
0.06 100 tt 241C
tt 200 it 13*80
It 350 tt 214T.
tt 500 t 386T
tt 200 6 393T
If t 15 324T
It tt 20 131T
tt . 25 13*8C
tt 1! 45 227C
T = Tensile Stress 
C = Compressive Stress
' Table 1 ’2.7 (a)
These results indicate that a compressive stress is favoured by:
(1) a high bath temperature;
(2) a low current density;
(3) a high concentration of benzotriazole in the solution.
2
However, the tensile stress value of 68.9 MU/m seems to be very high for
copper deposited from the plain bath at 25°C and with a current density of
2 152200 A/m . Using similar conditions Fischer et al obtained a tensile
2 168 2 
stress of 9*65 MK"/m and Safranek quoted a range from 5*5 to 30 MU/m ;
and other values are given in Tables 1.3*3 (a-) and (b); therefore^ the stre
in solutions containing benzotriazole was investigated in this work.
The hardness of coatings was measured with a GOT microhardness tester 
and some of the results are given in Table 1.2.7 (b)
Cone. of Benzotriazole 
g/l
Currert Density 
. A/m
Temperature Hardness
HV
0 200 25 100
0.06 u t 207
0.22 It tt 201
0 tt' 45 60
0.22 t t 150
Table 1.2.7 (b)
At a bath temperature of 25°C the hardness rose with concentration to a 
value of HV 207 with 0.06 g/l and then fell; however, at 45°C, the hardness 
gradually increased to HV 150 with 0.22 g/l but, at this temperature, no 
decrease was observed. An increase in temperature produced a reduction 
in the hardness at all the concentrations used.
The tensile strength of the coating was measured after removal from the
2
substrate. The strength of the pure deposits was 296 MH/m., which increased 
2to 4^9 MH/m with an addition of 0.01 g/l benzotriazole. However, the value
2
fell with higher concentrations to a constant Rvalue of 255 MU/m which is
below that for the pure deposits; with more than 0.03 g/l the deposits were
too brittle to test. A similar peak has been observed with copper deposits
1 6q
using Rochelle Salt (potassium sodium tartrate) as an addition - agent .
60
However, the most important conclusion from this work was that Kendall 
found that the deposits containing cuprous benzotriazolate did not resist 
corrosion as well as the pure copper deposits. The coating also tarnished 
rapidly under wet atmospheric conditions. This observation was based upon 
both corrosion tests and polarization experiments or plated surfaces which 
had been polished to remove the film of benzotriazole adsorbed from the 
plating solution, and they were then soaked in water for 30 minutes to remove 
any surface effect.
He considered that two processes controlled the inhibitive properties of the
codeposited cuprous benzotriazolate^. The first was the availability
of a sufficiently high concentration of the inhibitor in the deposit; the
second was.the ability of the benzotriazole, released from the deposit, to
distribute itself rapidly over the whole area exposed to the corrosive
environment. The results in his work'indicated that there was an
insufficient concentration of the inhibitor in the deposits and also that
it did not cover the total area rapidly. These results do not seen to
71confirm the preliminary tests of Prall who only washed the plated specimens
and used them without .the surface polishing. Therefore, his specimens were
covered with the insoluble adsorbed layer of benzotriazole from the plating
bath which, probably by itself, could- give the corrosion protection recorded.
68In his work Kendall allowed only the codeposited cuprous benzotriazolate 
below the plated surface to act as an inhibitor. Thus, it appears that 
benzotriazole can act as. an inhibitor when adsorbed on the plated surface, 
but it is unable to give protection when codeposited within the- coating.
It may be concluded that the addition of benzotriazole to the acid copper 
sulphate bath modified the structure and properties and produced a deposit 
with:
(D a bright surface;
(2) a banded structure;
(3) the incorporation of undecomposed benzotriazole in the form of 
cuprous benzotriazolate;
(4) an increased internal stess, in either a compressive or a tensile 
direction;
(5) an increased hardness;
(6) an increased tensile strength;
The magnitude of each of these changes depended upon the concentration of 
benzotriazole used in the solution and the plating conditions.
All the above results were obtained using highly purified solutions with the 
copper anodes surrounded by porous pots which isolated any decomposition 
products formed by the benzotriazole at the anode from the electrolyte. In 
this present work, laboratory grade chemicals were used and the anodes were 
not isolated, in order that the results obtained would be more relevant to 
commercial applications. All the above modifications to the plated copper
were systematically investigated, except the determination of the inclusion
71 'content, comprehensively covered by Prall , and the tensile strength.
1-3* Properties of Electrodeposits .
1.3*1 • Introduction
It is well established, that the properties of a plated metal, such as the
grain size, hardness and internal stress, are mainly determined by the
•composition of the plating bath and the conditions of deposition. Because
the properties are largely dependent upon the structure of the coating,
the relationships between the properties and the structure have been widely
studied. Several general rules, indicating the effect of plating variables
'150on the grain size, have been formulated by Butts and De Kora and these 
are now summarized. ; '
The grain size of a deposit decreases with:.
d) an increase in the current density;
(2) a decrease in the bath temperature; - '
(3) a decrease in the concentration of the metal ion;
(4) an increase in the cathodic potential;
(5) the presence of addition agents; ' - ■
(b) the presence of other ions, especially those forming 
a complex ion of the metal being deposited;
(7) an increa.se in the stirring rate or agitation, although
an increase in the grain size has sometimes been observed.
The grain structure of very thin deposits tends to follow that of the basis 
metal during epitaxial.growth but^at a greater thickness,.it changes according 
to the plating conditions. However, none of the above conditions of 
electrolysis appears to be an independent variable, so that a change in one 
normally affects at least one of the.others and it is difficult to isolate 
the separate effects. •
The grain size has a very pronounced effect on many of the other physical 
and mechanical properties of an electrodeposited metal. These effects have 
been widely studied, in order to determine the most suitable plating condition,
necessary to obtain the desired properties, for a particular.metal coating.
Many-, workers-have found a strong correlation between a high hardness
and a small grain size, or factors which produce a small grain size.
Several papers have been published, including those by MacNaughton and 
170 171 1^4
Hothersall , Arkharov and Hemnonov , Hofer and Hintermann , and all
suggested that the hardness was connected to the grain size. MacNaughton 
170and Hothersall thought that different packing within the crystal lattice
could account for variations in the hardness for a given grain size. Jindal 
172
and Armstrong produced the following equation, which is similar to the 
' 173Hall-Petch formula, relating the hardness and the average grain diameter?
_ 3._
' .. H - HQ + kd 2
Where H = hardness number e„g. HV
Hq= a constant characteristic of dislocation blocking 
d = average grain diameter
k = a constant related to the penetrability of the 
boundaries for moving dislocations.
174-This equation has been found to be satisfactory for electrodeposited iron
175as well as for heat treated metals. Mohrnheim has produced a different 
equation for pyrometallurgical iron: •
H -- a + b log^d
Where H = hardness number e.g. HV 
d = average grain diameter 
a,b = experimental constants
An (1
Semi-logarithmic relationships have also been reported between the hardne 
and crystal size of nickel deposits, but no quantitative relationship was 
given.
The mean grain diameter has been related to the yield strength of a metal. 
177 •Bragg suggested an equation of the form:
S «  1
d - ao
Where S = yield strength
d = average grain diameter 
dQ- limiting grain diameter
17ft
Baldwin proposed the experimentally determined relationship:
S = kd""1/5
Where S = yield strength '
k = a characteristic constant
d' = average grain diameter ■ ■
Several workers have noted a correlation “between a small grain size and
i7 —*18 2 '
a high tensile stress in electrodeposits, and the stress itself has
been associated with an increased h a r d n e s s " ^ R i e d e l ^ ^ u s e d  X-ray 
analysis to measure the stress in copper deposited from different baths, and 
found that the hardness and internal stess were closely related.
The effect of different plating variables on the grain size, internal stress 
and microhardness of copper deposits will now be reviewed>because these are 
particularly important and rele-vant to the present work.
1.3.2 Grain Size
There is not much published work on.the variation of grain.size in
electrodeposits produced by different plating conditions. The early studies
' 150have been comprehensively reviewed by Butts and DelTora , whc listed the
effects of different variables on.the grain size of deposits, which are
summarized in Section 1.5.1- Trom their own results they showed that the
grain size, measured by the intercept method, decreased with the current
density and increased with the bath temperature. The change in the mean
* 5 2 ^
grain diameter was from about 5 x 10 m (with 60A/m ) to about 12 x 10™ m
2 o • 2
(with 750A/m ) at 20 C. With a current density of ^00A/m the grain size
increased with the bath temperature from 1.4 x 10~wn (20°C) to 2 x 10 ^m
(30°C) and 3 x 10 ^m (50°C); a larger, increase was observed at higher current
1 ft7
densities. In a recent article, Lamb et al confirmed that the grain size 
decreased with a decrease in temperature 03? with an increase in current 
density, but unfortunately they did not give any quantitative data. The use 
of addition agents in the plating bath has been found to produce a considerabl 
decrease in the grain size of the deposit69,13/171>187*
The effects of these three variables, current density, bath temperature 
and role of addition agents, are particularly important and are how 
discussed further. An increase, in the current density, at a fixed 
temperature, increases the rate of arrival of ions at the cathodic surfaces 
this causes less surface diffusion and results in more nucleation and a 
smaller grain size. An increase in the bath temperature, at a fixed current 
density, raises the ionic mobility and surface diffusion, so'results in a 
larger grain size. The addition agents, which arte normally surface active, 
preferentially adsorb on the cathodic surface, prevent epitaxial growth, 
encourage the formation of nuclei and a smaller grain size.
1.3.3* Internal Stress
The internal stress in an electrodeposited coating is of particular interest, 
because it may cause such harmful effects as the cracking, peeling and 
blistering of the deposit, which lead to the corrosion of the substrate 
metal; other undesirable properties include geometrical distortion of 
electroformed components, poor adhesion and fatigue, as well as an increased 
hardness, brittleness and porosity. The factors which affect the internal 
stress in deposits have been investigated because of the above undesirable 
characteristics. . ’
i “20
Metals are normally deposited in a stressed condition . This is probably 
due to the small volume change in the deposit that occurs during, or soon 
after, plating and results in an internal stress, if it is restrained by the 
basis metal. The stress may be tensile, and tend to'contract the deposit, 
or compressive; and tend to expand the deposit. The numerical value given-to 
the internal stress is the force per unit area acting in a direction iDaralle
to the plated surface; it may be as high as 2,270 MW/m (tensile) for chromium
2 189or 276 MM/in (compressive) for tin-nickel .
The literature up to 1968, on the measurement and proposed theories of
138internal stress, has been covered in detail by the author in a monograph
190and in a review by Weil . Similarly, the engineering aspects of internal
191stress are not discussed .because they are in another article , which is 
bound at the end of this thesis.
The simplest and the most widely used mechanical means of measuring the 
internal stress in electrodeposits is based upon a flexible cathode. The
cathode, which is a thin metal strip insulated on one side, bends when
plated on the other side and the stress in the coating is calculated from
the deformation. There are several bent strip methods and these may be
divided according to whether the cathode is free to move during deposition
or not. If it is free to move, as in the Brenner Senderoff Spiral 
192
Contractometer , the stress in the first few layers of the metal deposited
is allowed to relieve itself by bending the substrate and the next layers are
plated on a bent surface. The value of the stress obtained is appropriate
to that on a thin deformable substrate, for example, in electroforming. If
193
the strip is restrained, as in the Hoar-Arrowsmith Apparatus , each layer 
is plated on to a relatively flat, unrelieved surface and the' stress value 
obtained is more applicable to deposition on to thick substrates, for example^ 
car bumpers. '■ normally the methods in which the cathode moves give a lower 
value for the stress than those with a fixed cathode. Details-about the 
operation of the Hoar-Arrowsmith Apparatus and the Brenner Senderoff Spiral 
Contractometer, which were both used in this work, are given in the 
experimental sections 2,4#5*
A brief summary of the theories which have been proposed to explain the
194-origin of stress is now included. One of the earliest theories was that 
the internal stress in the deposit depended upon the difference in the lattice 
parameters of the substrate and deposit. Although a correlation was shown 
between these parameters, neither the stress in a metal deposited on a 
substrate of the same metal nor the stress in very thick coatings could be 
explained, so this theory is only applied to very thin coatings. Most of 
the ether theories are based upon the formation of a metastable deposit, 
which changes in volume immediately after deposition and results in a stress 
being formed. The excess energy theory assumes that the ions in the 
electrolytic double layer, on the surface of the cathode,are at a high 
temperature and are deposited to form a thermally expanded lattice which 
gives a tensile stress on cooling. This can only explain the formation of 
a tensile stress and never a compressive stress. The hydrogen theory consider 
that codeposited hydrogen is incorporated into the deposit and causes a 
temporary expansion in the plated metal. The hydrogen subsequently diffuses 
away and the deposit contracts to give a tensile stress. Hydrogen undoubtedly
plays an important role in the formation of stress in those metals which 
are codeposited with hydrogen, such as chromium and nickel, hut this theory 
is not a probable cause for the- stress in copper, when plated without 
hydrogen at a current efficiency of approximately 100%.
Most of the other theories are based upon the inclusion in the deposit 
of water molecules or foreign particles, either impurities or addition 
agents. The presence of these substances in deposited metals has been 
. confirmed for many systems, including the incorporation of cuprous
71
benzotriazolate in copper plated from the acid bath containing benzotriazole 
These compounds can have several effects and may:
0) be deposited-’in a deformed state, (resulting from the electrostatic
charge in the cathodic double layer), and then change to a more stable 
form;
(2) diffuse in the coating and give a volume change;
(3) change their shape, or form compounds with the metal;
(4) concentrate at grain boundaries and act as wedges between the grains;
(5) affect the number and distribution of dislocations in the deposit,
which may create local stress fields.
All these theories may, individually or collectively,- create either compressiv
or tensile stresses in the deposited metal. In .a recent review of the origins
190of-stress in electrodeposits, Weil stated that "it appears that there is 
not one single cause of internal stress". Then, by a process of elimination, 
he concluded that the dislocation theory Could explain all the observed 
phenomena in a logical way. However, the stress in a deposit may be the 
result of several effects, which vary in relative importance according to 
the plating conditions or deposit thickness. Therefore, it may be misleading 
to suggest that only one theory can explain all the observed features.
The. internal stress in a specific metal deposit depends to a large extent 
upon the thickness of the coating, the current density and temperature used 
during deposition and the composition"of the bath. These factors will now be 
discussed, with particular reference to.electrodeposited copper from the 
copper sulphate-sulphuric acid bath.
The stress'in very thin deposits is greatly influenced hy the substrate
and often leads to very high'stresses. The stress normally decreases with
179an increase in the deposit thickness and Eushner • has proposed the following
equation to account for this relationship:
„ , ^ -ktS = A + Be
Where S = average stress in deposit, psi
t = deposit thickness, ins '
A =? equilibrium'or a minimum value of stress, psi 
B = stress due to .initial influence of substrate, psi 
k = constant ’ •
Thus.in nickel deposits, the stress reaches a practically constant value of
—4 192 179about- 1.2 x 10 m according to Brenner and Senderoff , whereas Kushner
_5
suggests a lower value of 2.5 x 10 " to 5*0 x 10 m.
The high stress in very thin coatings may be due to the lattice, mismatch 
between the deposit and the substrate: this decreases in influence as the 
thickness increases. In thicker coatings the stress may decrease^&Iie to:
(1) the reduction in the concentration of impurities, or addition agents,
. in the bath?due to their incorporation in the deposit•
(2) the change in the pH of the solution;
(3) the oxidation or reduction of constituents of the bath, particularly 
organic, at the electrodes;
(4) the production of suspended particles at the anode.
The mismatch theory cannot explain the high stress when the same metal is
used for both the coating and also the substrate. The most probable of the
remaining possibilities is (1)-, because purification of a plating solution
138 179reduces the . internal stress * * The. other effects can be minimized and
a decrease in the stress-can still be observed with an increase in the 
deposit thickness. The relationship between the stress and current density 
varies from metal to metal, but in general, it appears that the stress 
increases with Current density, for example^ in deposits of iron^^, zinc*^^.
197. .and nickel . An increase in the current density raised the tensile stress 
in copper deposits from an acid sulphate bath without any additions, according
\  180,184,198-200 . „ . ■. -uto several workers ’ , and some of their results are shown m
Table 1.3-5 (a).
S T R E S S m f / m 2
Lyzlov and Samartsev
201
Vagramyan and Petrova' 
Lamb et alT^
198Fedotov and Pozin
202
at
r
Currenb Densi ty, A/in^
50
21.4 T 
3-45C*
0.62C 
11.3T
6 .0c
100
22.4 T
16.7T
2.4IC
200
48.9T 
10.5T* 
2.21C** 
1.24T 
36.8T 
3.6T
400
29.6T* 
■1- 31T** 
10.3T
450
58.6 T
T = Tensile Stress 
C = Compressive Stress
* Bath Temperature 20°C
** Same .hath composition as * hut at 
temperature of 45 0
Table 1.3-3 (a)
From these values, it can readily he seen that copper is deposited with a 
low tensile, or compressive, stress when a small current density is used.
As the current density increases, the stress changes in a tensile direction, 
with a tensile stress increasing and a compressive stress decreasing and then
'\Qr7
becoming tensile. The results of Lamb et al who used the same hath at 
temperatures of 20°C and 45°0, indicate that the stress becomes more compressi 
at higher hath temperatures and the change in the stress, due to an increase 
in the current density, is less.
One explanation for the increase in the tensile stress with current density 
is that, at high current densities, rapid deposition of the metal ions occurs 
under non-equilibrium conditions. Under these circumstances a distorted 
lattice is formed, probably with a reduced grain size and a higher internal 
stress. ’
179-182This correlation between a high tensile stress and a small grain
size has already been discussed in Section 1.3*1•
The internal stress normally decreases with the bath temperature and, as
203early as 1909? Stoney measured this effect and found a decrease from
67.6 - 72.5 M / m 2 at 10-15°C to 30.0 - 33.1 MF/m2 at 80-90°C, for nickel
deposits. Similar decreases have been found by other workers for nickel,
176,179?204 ^ron 195 eobait2^ .  For copper from the acid sulphate bath
without'additions,a decrease in the tensile stress has been observed as the 
temperature was raised as shown in Table 1.3*3 (h).
S T E E S S M F / m2 ii
at
Bath Temperature °C i
201Lyzlov and Samartsev
1 10 20 30 32 I 40 45 60 !
46.9T 18.6T
T
Lamb et al^^‘
u
29.6T*
-A“X
10.3T
15.2T*
**
3-79T
$
I 2.21c
1.31#
3
!
■ i
1! - 3.45C 4.83c!
1I
1
>» 29.6T 17.9T 2.6T
Shibasaki2*^ 29.3T
-
I 0 7.8C
1
!___
2T = Tensile stress * Current Density 400A/m
C = Compressive Stress ** Same bath composition as* but at current
density 200A/m
Table 1.3-3 (b)
From these results, it may be concluded that an increase in the bath temperatur 
causes the stress in a deposit to change in a compressive direction; thus a 
tensile stress decreases, and may changeto a compressive stress, while a 
compressive stress increases.
The decrease in the tensile stress in a deposit, resulting from an increase in 
the bath temperature, may be due to deposition under conditions closer to
equilibrium. At the higher temperatures, the ions have a greater mobility 
and are able to diffuse more easily to those lattice sites with the lowest 
energy, so that a deposit with a larger grain size and lower stress is formed.
Only a little work has been carried out to determine the effect on the internal
stress of copper deposits, produced by variations in the concentration of
207.copper sulphate or sulphuric acid. Van der Sommen reported that the stress
increased with the concentration of copper sulphate, but he measured only
107relative, and not absolute, values. Lamb et al , who studied the effect of
three different concentrations of copper sulphate, found that the change
depended upon the plating conditions and there was a significant decrease in
the stress at a low bath temperature (20°C), from 22.7 M ^ m 2’with 87 g/l
copper sulphate, to 10.3 Mi/m with 187 g/l* However, the changes were not
significant when higher bath temperatures or lower current densities were used.
The literature on the effect of varying the concentration of sulphuric acid is
208conflicting. Fedot!ev and Khonikevich found that the stress decreased from
18.6 Mi/m2 (0 g/l) to 4*89 Mi/m2 (25 g/l) and then increased to 23.4 Mi/m2
183(200 g/l sulphuric acid). Lamb and Valentine found a small and not very 
significant increase in the stress with an increase in the acid concentration. 
It may be concluded that the stress in the deposits decreased as the 
concentration of copper sulphate was increased: the effect of varying the 
concentration of sulphuric acid in the bath wTas uncertain.
The presence of addition agents in the copper sulphate-sulphuric acid plating 
bath often produces a marked increase in the stress. Many compounds have been 
studied and the stresses produced depend upon the concentrations used, as 
indicated in Table 1.3.3(c)
Addition Agent Concentration
g/l
Stress
MK/rn2
r, n 201Gelatine O .05 48.9T
0.26 0
0.50 24.80
183Thiourea 0.025 77.2T
0.10 0
0.3 / 46.2C 1
132
p  Kaphthoquinoline 0.08 103T !
0.20 0
Rochelle Salt165 0 18.6T
0.01 39. 3T
0.05 9 .65T
0.134 0
0.17 39.30
L_ir^  r 'i r r m r-nrrmm,«■ ■ 9nnj.mn.i -i OTW,irwrwi
T - Tensile Stress 
C = Compressive Stress
Table 1.3-3 (c)
209 210Prom these and other results , it may be concluded that many addition
agents produce a tensile stress when a low concentration is used, and a 
compressive stress with a high concentration.
The values of the stress produced in thin copper deposits with benzotriazole, 
and measured by Kendall^’, are much higher (207 MH/m2 tensile and. 138 MN/m2 
compressive) than those found with other addition agents, and this was one of 
the reasons that the use of this compound was studied in this work.
The internal tensile stress in a deposit appears to increase with:
(1) a decrease in the deposit thickness;
(2) an increase in the current density:
(3) a decrease in the bath temperature; ' •
(4) a decrease in the concentration of copper sulphate in the plating
solution* The presence of addition agents may produce a tensile or 
a compressive stress.but an increase in the concentration of the additio
agent appears to change a tensile into a compressive stress.
1.3.4 Hardness 
126Pischer has shorn that the hardness of an electrodeposited metal
nearly always exceeds that obtained by other methods. This is illustrated
by the following hardnesses for electrodeposited metals and annealed or
rolled metals, respectively: chromium HV 400 to 950 and 220 to 350, platinum
HV 600 to 680 and 50 to 130, rhodium HV 580 to 680 and 100 to 180
However, it is difficult to compare the hardness values obtained by different
authorsbecause incompatible methods and units are often used, e.g. scratch
and indentation hardnes^s. One common method of describing the hardness is
in terms of the depth of penetration of a loaded sphere or diamond tetrahedron
The hardness value is obtained by dividing the load by the area of the imprint
2
the value is usually expressed in kilograms per square millimeter Kg/mm or 
Vickers Hardness Humber HV.
Hard coatings are often used in applications requiring wear resistance, 
such as the use of.nickel for the internal plating of aluminium valves, the 
surfaces of pump spindles, hydraulic rams, screws and the surface of aeroplane 
propellers. Because of their excellent electrical conductivity, hard copper 
deposits are used for electrodes in spot and seam welding and other electrical 
components, such as contacts,commutators and printed circuits. The good 
thermal conductivity allows these copper deposits to be used for injection 
moulds and press tools for plastics and dies for stamping thin sheet. Hard 
deposits, particularly of nickel and chromium, may be used to build up worn, 
corroded and overmaohined components, and the rear axles of buses have often 
been treated in this way.
The hardness of a deposited metal often increases as the current density
. 211 212 141 202is raised and has been recorded for iron , chromium and nickel ’
Copper deposits from a bath with no addition agents are much softer and lie
134within a range of hardness from HV 60 to 160 . Increases in the hardness
with current density have been found for copper deposits^^ and the
values are given in Table 1.3*4 (&)•
Hardness HV.
Curreni 
50 f 100__
it
Density
200
A/m2 
__400_ 500 ! 1000
2T3Sammour .
214
Ostroumov and Plotnikova
Bini215
Lamb et al^^
115
56* |
99
105
58* 79*
15°
160
'157 ' i-
__L_
* These values are for a purified bath
Table 1.3*4 (a)
From the values quoted, it can be seen that the hardness of the deposits
-j 0*7
rises as the current density increases. The measurements of Lamb et al 
indicate that purification of the solution considerably reduced the hardness. 
However, with other purified baths of different composition, they concluded 
that there was no consistent relationship because, in some experiments, an 
increase was observed and in others a decrease.
It may be concluded that, with a particular bath, an increase in the current
density produces harder deposits. It has already been noted, in Section 1.3*2,
that an increase in the current density decreased the grain size of the plated
metal, and several workers.have found a correlation between a small grain .
size and a high hardness 53»170>171^ rj^ mos  ^probable explanation^^ for
this.effect is that, in a deposit with a small grain size, thero are manygrai
boundaries blocking the slip planes, along which deformation of the crystals
would normally occur. The presence of incorporated impurities or addition
14.2
agents would increase both the magnitude of this blocking effect and the
21 8
hardness. Tikhonov has calculated that the dislocation density in a copper
9 -2
electrodeposit was about 4*4 x 10 cm and it has been suggested that the 
effect of these dislocations, together with incorporated foreign particles, was
to decrease the mobility during deformation and to increase the hardness and
, ,  . , _ , 216 , 219,220 the internal stress ’ ’ .
The hardness of metal deposits usually falls as the plating temperature is
215 211 202 increased, as observed with chromium , iron and nickel . The effect
of temperature on the hardness of copper deposits from the sulphate bath is
not very well understood, as illustrated by the results given in Table 1.3.4(b)
Hardness HV
at
Bath Temperature C
221Hothersall
15
20 30 40 j 45 58 60
51 47 I
150Butts and DeHora 48* 52* 41*
it 55**. 80** 57**
Lamb et al^^ 88 85 49
tt
j
59 58 47 :;
- . . , 75 80 58
2
* Current Density 100A/W
** 1 " 700A/m Table 1.3.4 (b)
150The work of Butts and DeHora- suggests that an increase in the hardness of 
the deposit was followed by a decrease, as the bath temperature was raised. 
However, the predominant trend appears to be that an increase in the bath 
temperature results in a small decrease in the deposit hardness. This is 
probably due to the fact that, at higher temperatures, the ions are more 
mobile and form deposits with a larger grain size (see.Section 1.5*2); this 
larger grain size normally results in a lower hardness, for reasons -which have 
already been discussed in the previous section on the effect of current 
density on hardness.
It -is difficult to assess the effect 011 the hardness of changes in the
composition of the plating bath, because different conditions for deposition
' 1PT7
have been used. Ho significant change was observed, by Lamb et al in the
hardness of copper deposits produced from baths containing different
“187
concentrations of copper sulphate. They found that.the hardness could eith 
increase, or decrease, with the acidity of the bath, but concluded that the 
predominant effect was that the hardness of the copper deposits increased with 
the sulphuric acid concentration.
The presence of addition agents in the copper sulphate - plating bath normally 
increases the hardness of the deposits. In certain cases very hard deposits 
have been produced and some of these are included in the Table 1.3*4 (c)
Addition Agent Concentration Hardness
g/l HV
222; Asparagine 15 271
Gelatine2^ 0.1 305
Rochelle Salt”^ 9 0.2 276
223■ Tliiourea 0.2 350
22A
: Triethanolamine ‘ ■15 212
' Haphthalene disulphonic 
acid and thiourea
0.5
0.005J 260
Quinoline and . • 
chloride ions ^ 12*9 1
0.006 J 217
Table 1.5*4 (c)
213Sammour has studied the effect produced on the hardness of copper 
deposits by changes in the current density, bath temperature and concentration 
of gelatine and the results are given in Table 1.3*4 (&)
Hardness HV
I Cone, of gelatine g/l at
Current Density A/i
200 I 1000
Temperature
150
0.02 200
0 .10 215
0 . 10 140 175
Table 1*3-4 (d)
Prom his results in Table 1.3*4 (&), it can be seen that an increase in the 
current density and a decrease in the bath temperature produce harder copper 
deposits, when the bath contained gelatine. An increase in the concentration
of the gelatine in the solution also raised the hardness and a similar
225 169effect has been observed elsewhere with thiourea and Rochelle salt
Kendall measured the hardness at 25°C and 45°C and found a maximum hardness 
was reached with a concentration of 0.06 g/l benzotriazole at a bath 
temperature of 25°C, but 'observed no peak at 45°C» However, he did not 
systematically study either the current density or the bath temperature 
(except at 25°C and 45°C), and both these effects are investigated in this 
work.
The hardness of electrodeposits appears to increase withs
(.1) an increase in the concentration of sulphuric acid in the bath;
(2) an increase in the current density;
(3) a decrease in the bath temperature; , ■ <
(4) an increase in the concentration of addition agents in the solution.
1.3.5 The Effect of Time on Changes in Internal Stress and Microhardness'
Both the internal stress and the hardness of electrodeposited metals, as
well as the electrical resistance, have been found to change with time,
over a period of several days after the plating current had been switched off 
226-238
H Q 226-228
This effect has been observed in the internal stress of nickel ,
230 179 186 231 238chromium and copper ’ ’ ’ , and has been called the stress after­
effect. If the metal is under tensile stress>this changes with time and
becomes more tensile but, in compression, it becomes less compressively
179 226stressed, i.e. the stress always changes in a tensile direction 
231
Hishihara et al , in their studies of the stress after-effect, found that 
the stress changed when the cathode was removed from the electrolyte. The 
tensile stress increased in nickel, chromium and copper deposits.twhereas the 
compressive stress in copper (from a sulphate bath containing glue) and in 
zinc decreased. It is worth noting that electrodeposited lead, from a
fluosilicic bath containing glue, had a very small compressive stress
231immediately after plating, which then became tensile . A similar change
232
from compressive to tensile stress has been noticed by Jahn
The hardness of several electrodeposited metals has been found to decrease .
235
with time after the cessation of plating. The hardness of silver fell
from HV 105-90 'to 65-50 and the microhardness and electrical resistance of
236 233electrolytic iron have both fallen with time. Binder and Fischer
found that the hardness of copper, deposited from the sulphate bath containing
ft -naphthoquinoline, decreased linearly from HV 225 to 145 in 100 days at
room temperature. This softening process, which they called'self annealing,
was accelerated if the specimens were exposed to X-rays.
Several theories have been proposed to explain these changes in internal sires
228hardness and electrical resistance. Vagramyan and Tsareva have attributed
this phenomenon to the fact that surface atoms, which are more mobile than
those in the bulk metal, can move and alter the stress after the current has
234
been switched off. Polukerov and Kuznetsov suggested that the effects were
due to spontaneous changes in the crystal structure, such as an ordering process-
179in the copper lattice. Kushner associated the adsorption of impurity 
molecules on the grain boundaries with the internal stress: thus, according 
to his theory, a high concentration would produce a compressive stress and a 
low addition a tensile stress. He ex|)lained the stress after-effect as 
probably due to dissolution, caused by the formation of concentration cells 
in the diffusion layer between prominent areas (cathodes) and recessed 
areas, such as grain boundaries (anodes). Dissolution of both the metal 
and the foreign matter occurred at the anodic areas, caused the stress to rise 
and also, supplied the metal ions, which were then deposited at the cathodic 
regions. In this way the compressive stresses were changed to a greater 
extent (9*2% and 17%) than the tensile stresses (2.3% and 6.7%), as a result 
of the greater dissolution of the codeposited impurity.
231However, the results of Hishihara et al indicated that the stress changed
after the cathode had been removed from the plating solution. This meant
179that the theory of Kushner , involving dissolution and deposition of copper 
in the electrolyte, could not explain their observations and could not be 
the only reason for the stress after-effect. They suggested that the
codeposition and incorporation of hydrogen' in the coating was the major 
cause of stress in electrodeposits and that the release of this hydrogen, 
after plating and the removal of the cathode from the solution, resulted 
in the stress change. They analysed copper which had been plated from the 
sulphate hath and found that hydrogen was present. This hydrogen could not 
have been the only reason for the decrease in the stress in copper deposits, 
because very low concentrations have been determined by Foley (0.001 to
1 /To
0.003%) by Safranek (less than 0.001%). With such low quantities, the 
diffusion of hydrogen is not a probable cause of either the internal stress, 
or changes in it, for copper deposits. Thus^the role of hydrogen in the • 
formation’of stress in copper deposits from the sulphate bath is uncertain; 
the differences observed may be due to the fact that different plating 
conditions were used in the actual deposition.
The internal stress has also been found to depend upon the time of ageing
234 228 of the addition agent in the electrolyte . Vagramyan and Tsareva
found that the stress in copper deposits from a freshly prepared solution,
containing a mixture of naphthalene disulphonic acid (0.5 g/l) and
thiourea- (0.OO5 g/l), was much lower than that plated from a similar bath
which had been stored for a year. They suggested that .the reason for this
change was that the naphthalene disulphonic acid oxidized during- storage to
give oxidation products which were more effective than the pure additive
239m  raising the stress. However, Allsop y found that the stress in copper
deposits decreased as the plating solutions aged and Brenner and Senderoff
observed that the stress in nickel deposits, from a modified Watts
2 2
bath, decreased from 427 MW/m to 103 MH/m , after standing overnight at 
54°C.
It can be seen from the above literature survey that the stress, hardness 
and electrical resistance of deposits plated from electrolytes containing 
addition agents may alter with time. These- effects may be summarized as 
follows:
(1) a tensile stress increased after plating;
(2) a compressive stress decreased after plating;
(3) both the hardness and electrical resistance of deposits decreased 
after plating; •
(4) a stored or ’aged1 solution gave deposits with a stress which was
different from that obtained with a freshly prepared solution.
1.3.6 The Effect of Ultrasonic Agitation on the Deposits
Ultrasonic agitation'of an'electrolyte produces a marked change in several 
plating parameters, including the throwing power and limiting current 
density. This form of agitation has also been found .to improve the quality 
of the deposits and alter the physical and mechanical properties, such as 
the internal .stress .and the hardness and, therefore, has been widely studied
241-247
The main effects of the vibration of the electrolyte are to lower the
activation polarization and to decrease the thickness of the diffusion
layer at the electrode surface, which in turn, reduces the concentration
243
polarization. According to Yeager and Hovorka , the use of ultrasonics 
completely eliminated the diffusion layer at both electrodes in certain 
plating baths. This reduction in the polarization, which has already been 
discussed in the section oh the general theory of electrodeposition, enables 
a higher current density to be used to give a good deposit, so that a 
faster rate of deposition can be employed. Agitation has increased the 
limiting or maximum current density which can be used to produce a 
satisfactory copper deposit from .the sulphate bath; in one bath^^ the
p
change was observed to be from 500 to 1,600 A/m , and from 1,500-to 12,500
2 PA ^
A/m in another ' . Another advantage is that the use of ultrasonic 
vibrations encourages the formation,on the cathodic surface, of molecular 
hydrogen from atomic hydrogen; this reduces the tendency for atomic hydrogen 
to enter the metal and produce embrittlement of the plated article. The 
increased rate of deposition and improved surface quality has been observed 
with deposits of cadmium, copper, chromium, gold, nickel, silver and zinc 
and some alloys^ although no details are given regarding their physical and 
mechanical properties*^.- 
247
In another paper , the present author reviews the use of ultrasonics to 
increase the maximum current density, the throwing power (which is a 
measure of the ability of the bath to produce a uniform thickness of deposit 
oh irregular* surfaces) and the cathodic current efficiency; the hardness
247
and internal stress of the coating are also discussed. The microhardness 
of many deposited metals, including copper, cadmium, gold, silver and zinc? 
was increased using agitated electrolytes. For nickel the changes in 
hardness were from HV 215 to 3^0 and from HV 260 to 400, and for chromium
from HV 740 to 920. The application of ultrasonics was reported to reduce
the stress, cracking and peeling of nickel deposits and improve the
adhesion. A considerable decrease in the porosity of nickel and cobalt
247
coatings was also observed .
The main advantages of the use of ultrasonics can be summarized as follows:
(1) an increase in the rate of deposition;
(2) a rise in the cathodic current efficiency;
(3) harder deposits;
(4) an improved surface reflectivity and adhesion;
(5) a decreased internal stress and porosity;
The chief disadvantage.is the high cost of installing the equipment to 
generate these vibrations. .
1.3*7 The Throwing Power of a Solution
The term throwing power, or throwing efficiency, is a measure of the
- *
ability of a plating solution to produce deposits of more or less uniform 
thickness. This property of the solution is important and is normally 
specified because the minimum deposit thickness on an article may control 
the rate of corrosion of the substrate. If it is possible to plate the 
whole surface with this minimum thickness, a considerable saving of metal, 
plating current and time can be achieved. For this reason?there is a 
growing demand for quantitative knowledge about the throwing power of 
different solutions. The throwing power of a solution is thought to 
depend mainly upon the following three factors:
(1) the cathodic polarization;
(2) the conductance of the solution;
(3) the change in the current efficiency with change in current density. 
These will now be discussed individually.
(1 ) The cathodic polarization is particularly important and a large increase 
in it, with a corresponding increase in the current density, appears 
essential to a good throwing power. The protruding parts of the cathode 
surface receive a greater current density because they are closer to the 
anode; this produces a higher concentration polarization and encourages 
deposition at other sheltered areas, which otherwise would have a lower 
current density, a reduced concentration of copper ions and a decreased 
cathodic polarization. Thus, a high local polarization over some areas 
promotes plating at other areas and increases the throwing power.
(2) If the. throwing power depended only upon the distance between one
anode and two cathodes'as well as Ohmb law, a change in the conductivity 
of the solution would have no effect. However, an increase in the 
conductivity could alter other factors, such as the polarization. Thus an 
addition of sulphuric acid to a copper sulphate solution increases the 
conductivity, suppresses the ionization of the copper salt, reduces the 
copper ion concentration and increases . the cathodic polarization. This 
increase in the polarization raises the throwing power of the solution.
(3) If the current efficiency of a particular bath varies with the current . 
density, the throwing power is affected. When the. current efficiency 
decreases, as a result of an increase in the.current density, this leads 
to thinner deposits than expected on the prominent areas and a higher 
throwing power.
Because the throwing power depends upon the distribution of the electrodes
24-8 >249^  •ba.-fck tempera t ur ea nd  the current density^*^’"*^, .their
values should be specified when results are tabulated. There are several
methods of measuring the throwing power of a solution and these have been 
253 254*compared ’ ’ it appears that the Haring Blum cell is probably the most
commonly used. This cell consists of two cathodes, electrically connected
together and positioned at opposite ends of a rectangular cell, with an
anode between them. The anode-cathode distances are not equal and the ratio
of them is called the primary current ratio and is often chosen as five.
During deposition, both cathodes increase in weight by an unequal, amount and
the ratio of these gains is the metal distribution ratio. Both these ratios
250 255 256are employed in different formulae s calculate the throwing
power of the bath. The formula . suggested by Field^'^ is not only the 
most widely used but is also accepted as the British Standard and takes 
the form:
where T . = throwing power
P s= primary current ratio 
M = metal distribution ratio
This formula gives a throwing power of 100%, when the primary current ratio 
is 5 an<3- the metal distribution ratio is 1, i.e. if the increase in weight
of each cathode is equal, When the metal distribution ratio is equal to 
the primary current ratio, as predicted by Ohms law, the throwing power 
is 0%, In the case of no deposition on the electrode further away from the
anode, the throwing power is -100%.
It is difficult to make a comparison of the published values of the throwing
power, because the figures quoted have been obtained using different cells
257
and formulae. Mohler has found that the range of throwing power was
252 •
5% to 20% for the acid copper sulphate bath. Although Winkler observed 
a very small rise in the throwing power as the current density increased,
the majority of workers found a decrease"^ >257-259. pa^ and Muller^^
2 2 measured a decrease from 55% at 50 A/m to 25% at 600 A/m , and Mathers and
Guist^*^ a change from 42% at 50 A/nn to 22% at 300 A/m^. Haring and 
250Blum ' quoted the following figures for the metal distribution ratio;
this increased with current density from 4*52 (with 1A) to 4*63 (with 4A),
with solution temperature from 4*53 at 21°C to 4*89 at 45°8 and with
solution agitation from 4*53 with a still bath to 4*83 with air agitation.
The presence of addition agents in the plating solution may also raise the
throwing power by increasing the cathodic polarization.. Thus, the overall
effect on the throwing power may depend upon the plating variables, such
252as current density, as illustrated by the separate use.of gelatine and 
261molasses , which gave a small increase in the throwing power at low current 
densities and gave the opposite effect at high current densities.
It may be concluded that a decrease in the throwing power occurs with:
0) an increase in'the current density; {
(2) an increase in the bath temperature;;
(3) an increase in the solution agitation;
(4) the use of certain addition agents, although others may have the
opposite effect. .
2. . EKPERIMEmL PROCEDUHS
2.1 Introduction
Because of the widespread nature of this work, involving the separate 
aspects of corrosion and electrodeposition, the type of equipment and the
decided to describe separately the techniqwes and equipment employed for 
each of these fields5 starting with the determination of the properties of 
the benzotriazole.
The experimental procedure used to measure the solubility of benzotriazole 
in distilled water is described and followed by the techniques applied to 
study the effect of different concentrations of benzotriazole on the 
conductivity and pH of tap, distilled and deionized water. A description 
is then given of the methods used to determine the resistance to corrosion 
and oxidation of copper, produced with and without the use of benzotriazole 
as an inhibitor.
The remaining parts of the chapter are concerned with the electrodeposition 
of copper from the copper sulphate-sulphuric acid plating bath both with and 
without benzotriazole. An explanation is given of the control of the plating 
conditions, such as purification, temperature and agitation. This is followed 
by a description of the measurement of the properties of the plating solution, 
such as the current efficiency and throwing power, and then the appearance 
and properties of the deposits, including grain size, hardness and internal 
stress. '
methods Therefore, in this chapter it was
2,2 Some Properties of Benzp.triazole in Water
2*2,1 Solubility of'•Henzotriazole. An. Distil Jed ¥ater
The literature survey (Section 1.1.5) indicated that benzotriazole was
very soluble in acids and alkalis above 20°C, but much less soluble in water.
• • 19 21 22Several workers ’ have measured the solubility at different temperatures 
but no complete set of data has been obtained and no information has been 
found for temperatures below 10°C. The solubility of benzotriazole was 
determined from 0°C to 100°C because it has been used as a corrosion inhibitor 
at temperatures as low as 0°C (in antifreezes) and'up to 100°C in high 
temperature systems, and in this work as an addition agent in plating 
solutions over a range from 0°C to about 100°C. .
A saturated solution of benzotriazole in distilled water was produced in a 
boiling tube and brought to the right temperature either by heating in a 
constant temperature water bath or by cooling in cold water'or a freezing 
mixture. "When this temperature was reached, sufficient solid was added so 
that there was an excess present and the solution was then saturated. The 
solution was stirred and maintained at the required temperature for an hour5 
to ensure that constant and equilibrium conditions had been reached; about 
10 mis of this solution was collected in a hot pipette and poured into a bottl 
which had previously been dried and weighed. The stopper of the bottle was 
immediately fitted to prevent evaporation, and the bottle was again weighed
to determine the amount of the solution. After this the stopper was removed
s ■ o
to allow evaporation; to encourage drying^the bottle was heated to about 30 C,
left overnight, cooled in a dessicator and re weighed. . It was heated again
at 30°C for about an hour’ and reweighed; if there were no further decrease in
the weight it was assumed that the benzotriazole was absolutely dry. The
solubility of benzotriazole was calculated from the weight dissolved in a
known weight of water at the particular temperature. The process was repeated
at different water temperatures and a graph plotted of the solubility v.
temperature. ’ =
Several experimental difficulties were encountered during the above 
measurements. Since it was necessary to ensure that the solutions were 
saturated, they were regularly stirred and then the solid was allowed to 
settle before a sample of the liquid was taken with a.hot pipette. The 
temperature of the pipette was kept above that of the solution to prevent 
the precipitation of benzotriazole, which would otherwise occur on the 
cooler glass surfaces. The drying temperature of the solution, 
was important because, if it were too. high, a gel-like solid was formed 
rather, than the needle shaped powder which is the more common form of 
benzotriazole, and this solid form could possibly have a. different weight.
2.2.2 Conductivity of Benzotriazole Solutions
The effect of different concentrations of benzotriazole on the
conductivity of deionized, distilled and tap water was measured. This
is important because the corrosion inhibition produced by benzotriazole
could partially result from a decrease in the conductivity of the solution
and-an increase in the resistance polarization. Conversely, an increase
in the conductivity could increase the corrosion. Another significant
51effect which has been described by Wall and Davies is that an increase 
in the conductivity of cooling waters could produce excessive energy 
losses at the high voltages used in conductors and heat exchange equipment.
The conductivity was measured with a Mullard Conductivity Bridge (Model 
No.E 7566/3) and a dipping cell for the three waters containing 0 g/l,
0.012 g/l, 0.12 g/l, 1.2 g/l benzotriazole, and also for the saturated 
solutions. The solutions were agitated slowly with magnet stirrers to 
assist the dissolution of the benzotriazole and to produce a uniform 
concentration and the reading taken at 18°C. •
The first set of readings was taken with solutions containing different 
concentrations of benzotriazole which had been prepared separately prior 
to the measurement. However, the results with these solutions were 
irreproducible and it was thought that one possible reason could be the 
introduction of different impurities from the containers and dissolved gases 
such as carbon dioxide, from the atmosphere into the separately •prepared 
solutions. Therefore, all the solutions for one type of water were prepared 
in the same beaker starting with the lowest concentration and then adding 
in turn, after each measurement, the appropriate quantity of &enzctriazole
to obtain the required concentration. The experiment was repeated several 
times because the pH of all three waters was found to vary slightly, and 
typical values were obtained.
2.2.3 pH of Benzotriazole Solutions
The pH was measured for the same three waters with similar additions of 
benzotriazole. This was done because it was thought that if the addition 
of benzotriazole changed the pH of the water, it could affect the stability 
and protective nature of any surface films on the copper. A change in the 
pH of the water, to acidic or alkaline values, sometimes causes corrosion 
of metals, such as zinc, aluminium, lead and others similar amphoteric 
metals in contact with the copper.
The pH was measured with an E.£.L. pH meter (Model Ho* 3&B), using a 
glass and calomel electrode. • Again the first set of readings were 
irreproducible and the procedure described in Section 2.2.2 was followed.
2.2.4 Corrosion Inhibition
The rate of corrosion of immersed copper was measured in solutions of 
different acids, alkalis, salts, dissolved gases and detergents, with and 
without the addition of benzotriazole. The specimens?with an area of 
7 x 10 nr^were cut from copper sheet, degreased in acetone, pickled in 
dilute nitric acid, washed in distilled water, air dried, and weighed.
The tests were conducted with four specimens in a beaker containing one 
litre of the solution, which was slowly, magnetically stirred, An 
identical test was carried, out in another glass vessel containing the same 
solution but with an addition of 0.12 g/l benzotriazole. The rate of 
stirring was sufficient to simulate slow flow rates which reduce the 
concentration polarization but do not give excessive aeration. The 
beakers were covered with clock glass&to reduce any evaporation that would 
otherwise have been quite high at room temperature (about 22°C) over a 
period of 5 days. After 1, 2 and 5 days the specimens were removed from 
the solution, washed in distilled water, air dried’ and weighed. This 
drying process-removed the moisture from the surface, together with any 
non-adherent surface films, but it did not affect any adherent films,
which could be protective* The pH of many of the solutions used was
measured, before and after the tests, to discover if the inhibitor had an
effect on any change in the pH, during the period of corrosion.
The rate of corrosion was obtained as the average weight loss of the four
specimens of copper sheet, with a nominal area of 7 xio'^ n?each, after .
immersion in a litre of the appropriate stirred solution for a period of'
1, 2 and 5 days. For each solution., the efficiency of inhibition produced •
by the use of 0.12 g/l benzotriazole, was calculated using the formula:
_ , ... t- , . (Wt. loss of plain copper - Wt. loss of copper with
Inhibitor ‘Efficiency = inhibitor) x100%
Wt. loss of plain copper
In the cases where the conditions were very aggressive^ie. when a high weight 
loss occurred with the inhibitor, the experiment was repeated using higher 
concentrations of 0.5 g/l and 1.0 g/l benzotriazole, to determine whether 
these concentrations were more effective than the lower ones. The above 
tests were repeated for brass specimens (70% copper, 30% zinc) and the 
surfaces Of these test pieces were also examined for dezincification.
The effect of the pH of a solution on the corrosion inhibition produced by 
benzotriazole was investigated for copper immersed in sulphuric acid.
Sufficient distilled water was carefully added to the concentrated sulphuric . 
acid to produce a range of solutions with pH from -1 to +4. The solutions 
were slowly magnetically stirred and the specimens were weighed after a 
period of immersion of 1, 2 and 5 days in the acid, both with and without 
an addition of 0.119 g/l benzotriazole. The inhibitor efficiency was then 
calculated for each concentration of the sulphuric acid used.
The inhibition obtained by dipping copper into a hot solution of benzotriazole,
i . » •
previously described in the literature review (Section 1.1.5)^was studied 
for some of the solutions. The specimens were dipped for a period of 5 
minutes into a saturated solution of benzotriazole at 60°C and then allowed 
to dry in air before being weighed and immersed in the test solution. A 
powdery deposit of benzotriazole was formed on part of the surface of some 
of the dipped specimens when they were dried. It was necessary to remove this 
excess benzotriazole before testing because, otherwise, it would have 
increased the apparent corrosion resistance of the dipped film. The powder 
was removed by washing in distilled water and the specimens were again dried 
in air.
The final section of the work on corrosion inhibition was a comparison of 
benzotriazole with triazole and naphthotriazole (see Fig. '2.2.4) . The 
stain resistance of copper immersed in tap water with and without the above
inhibitors was studied over a period of 21 days. A standard addition of 
0.25 n,V/t. %.of the inhibitor was used and the time period before staining 
first occurred was recorded. The efficiency of each substance was measured 
by immersing the copper in.ammonium chloride and a few acids with and • 
without an addition of the inhibitor. The degree of inhibition conferred 
on to copper, by immersion in-a hot solution of each of these substrates 
was also determined in different atmospheres, including salt spray, humidity 
and sulphur dioxide; after a period of 4-2 days, the changes in the weight 
and the surface appearance were recorded. w
I
Benzotriazole Triazole Baphthotriazole
Pig. 2.2.4 Structure of Benzotriazole, Triazole and
Naphthotriazole
The harmful effect of copper ions in water 011 aluminium and certain other 
metallic surfaces has been discussed previously. (Section 1.1. 5 ) • This 
experiment was designed to compare the inhibition produced on copper by 
the addition of benzotriazole to the water, with that given to copper when 
dipped-in a hot aqueous solution of benzotriazole prior to immersion.
Instead of comparing the very small weight changes which occur over a period 
of a few days, a comparison was made of the times taken for aluminium 
foil, immersed in these solutions, to pit. The experiment was carried out 
with tap, distilled.and deionized water.
In order to accelerate the pitting of the aluminium a large surface of 
— 2. 2copper (9 x 10 m ) was used to give a copious supply of copper ions with
A 2
a small area of aluminium foil (6 x 10 ). The copper surface used was
the inside of a copper calorimeter that contained a fixed volume (500 mis) 
of water and the aluminium foil. The calorimeters were degreased in acetone 
cleaned in nitric acid and thoroughly washed in deionized water; the 
aluminium foil was also degreased in acetone. For each water, ie. tap, 
distilled and deionized, three separate tests were conducted with:
(1) plain water and a cleaned calorimeter;
(2) water containing 0.12 g/l benzotriazole and a cleaned calorimeter;
(3) plain water in a'treated calorimeter. This calorimeter had been 
filled with an aqueous 1% solution of benzotriazole at a temperature 
of 60 0 for about 5 minutes, when it was emptied, allowed to air 
dry and washed in hot water to remove any remaining solid benzotria­
zole e • This procedure is known to produce a protective film on the 
copper surface (Section 1.1.5).
The aluminium foil was then placed in the calorimeters, which were
covered with clock glasses to prevent evaporation of the water, and the
aluminium foil examined’ for pitting at regular intervals of quarter of
an hour, and then after longer periods up to a total of about five
hundred hours. However, this.experimental procedure did not give
reproducible, results, which was considered to be due to the'formation of
an incomplete surface film on the copper. To overcome this problem and
ensure the production of a satisfactory film, the copper surfaces were
immersed in a hotter and more concentrated solution containing about 5%
benzotriazole at 80°C for a period of thirty minutes, which gave better
results.
2.2.5 Oxidation Resistance of Hipped Copper
It is well known,and has been discussed in Section 1.1.'5,that copper which
has been dipped in a solution of benzotriazole lias an enhanced resistance
19 21 23to oxidation or tarnishing ’ ’ . In this preliminary work the rates of
oxidation of a plain and a dipped specimen of copper foil were measured 
at 300°C. “ '•
The rates of oxidation of the copper were determined with a Stanton
automatic thermal balance which recorded both the weight change and the
temperature of the furnace. So that a direct comparison could be made,
two identical experimental runs were performed consecutively with the
same temperature setting for a plain specimen and a dipped specimen. The
-Z -2.initial work was done with samples of 2 x 10 m x  5 x 10 m copper foil, 
folded into a concertina shape to fit on to the pan of the thermal balance. 
These specimens were degreased in acetone and air dried but did not give 
reproducible results. The experiment was repeated with copper of the same 
area, which had been degreased in acetone and pickled in 50% nitric acid 
to remove any surface contamina.tion, but again the results did not agree.
Eventually acceptable results were obtained using much larger specimens
— 2. —2(5 .6  x 10 . m i  8 .0  x 10 m ) th a t  were degreased in  a ce tone , . c leaned in  
50% n i t r i c  a c id  f o r  JO seconds, washed in  d i s t i l l e d  w a te r and a i r  d r ie d .
They were then stored in a dry atmosphere for 24 hours to allow the
formation of a thin.oxide film which would grow at a logarithmic rate and
reach a steady thickness in this time. . The procedure was repeated with 
dipped specimens which had been immersed in a hot aqueous solution of 
benzotriazole (5% at 80 to 90°^) for at least an hour, removed and air 
dried. It was found necessary to wash the samples in warm water to remove
the solid benzotriazole which remained on the surface after the evaporation
of the solution. It was considered advisable to check that any difference 
in the results between the plain and dipped copper'was due to the 
benzotriazole in the solution, and not to dipping into the hot water and 
the consequent hqat treatment. A specimen was cleaned in the normal 
manner and immersed into hot water (80 to 90°C) for an hour and air dried 
and the rate of oxidation determined.
2.3 Electrodeposition : Control of -Plating Conditions 
2*3*1 Bath Composition
The plating bath was prepared from general grade chemicals, as supplied by- 
British Brug Houses Ltd. , and freshly distilled water prepared in an all 
glass still. The maximum limits of impurities in the copper sulphate were 
0.005% chloride, 0.5% alkalis (sulphated) and 0.08% iron, and in the 
sulphuric acidj,0.01% non-volatile matter, 0..01% hydrochloric acid, 0.001% 
nitric acid, 0.0002% arsenic, 0.002% iron, 0.002% lead and 0.1 ml F/l% 
reducing substances. The composition of the solution chosen was Q.5M 
copper sulphate (125 - 1 g/l CuSO^. 5^0) and 0.5M sulphuric acid 
(49 - 0.5 g/1 H^SO^), becaiise' Shreir and Smith have established that 
this concentration possesses the greatest reproducibility. In order to 
obtain results which were applicable to commercial plating, general grade 
and not highly purified chemicals were used. The solutions were made with 
distilled water, because this was considered to be more constant in 
composition than tap water.
2.3.2 Purification
The presence of impurities in a plating bath is known to affect the growth
150and properties of electrodeposited metals , and some of these effects
have been discussed in the literature review. Using a purification
technique similar to that described below, Brenner and Senderoff^^
observed a decrease in the internal tensile stress of nickel .deposits,
2 2
from 221 MF/m to 103 MF/m , when a bath made of commercial grade salts
was purified. In the present work oh copper deposits, a decrease in the
2 2
tensile stress on purification was observed, from 7*25 MF/m to 3*45 MF/m
with a bath containing general grade chemicals, and a smaller change from 
2 2
14.1 MF/m to IO.7 MF/m. when analar chemicals were used under different 
plating conditions. These decreases confirm the importance of impurities 
on the mechanical properties of the deposits.
A purified solution was used as a reference and also indicated the effect 
of the presence of impurities in the solution. Ideally the method of 
purification should be governed by a prior knowledge of all the adverse 
impurities, but this is not possible in practice. The following procedure 
for purification has been well established and the deposits plated from 
this purified solution gave reproducible results^,^ ^ ,^ ® ,^ ^.
The solution .Was boiled for about ten minutes to remove volatile impurities,
262 263such as Po r/n aldehyde and carbon dioxide * . An addition of 10 mis
of 100 v/v hydrogen peroxide, was then made to each litre of the boiling 
solution to oxidize any impurities, destroy sulphide ions and eliminate 
any chloride ions as citrine gas^^,^ ‘*. This is important because the 
presence of chloride ions in plating solutions is known to have a marked 
effect on the mechanical properties of the deposits, particularly for nickel 
The solution was kept boiling for a period of fifteen minutes after 
the evolution of gas had stopped. . This was followed by the addition of 
20 g/l of activated charcoal that has been found to adsorb the adsorbable 
impurities, including gases and any remaining chlorides ^ 7j108,118,266 269^
The solution was boiled for a further period of fifteen minutes and then 
filtered with glass wool to remove the charcoal and any other suspended 
matter, such as dust and insoluble impurities from the anode, which 
otherwise could produce surface roughness. The solution was subsequently 
pre-electrolysed, using analar electrodes and a current density of about 
200 A/m , to plate out any metallic impurities, such as antimony, arsenic • 
(which produce rough, brittle surfaces) and zinc ^ 3,126,239,270-2 2^  ^ ^
the present work, the stresses in deposits plated from the purified bath
have been in good agreement with one another and those reported elsewhere^
2over a wide range of values from 124 MU/m for nickel from the Watts bath 
2
to 10.7 MU/m for copper deposits. ~
2.3.3. Effect of Solution Agitation
It has been established that the agitation of a plating solution may have
. 247
a marked effect on the hardness and stress .of several electroplated metals
Preliminary work on copper deposits has shown that ultrasonic vibrations
decrease the internal stress, typical values being 7*25 MU/m for a stirred
bath and 3*79 MN/m for one subject to ultrasonics, under the same plating
conditions. Therefore, it was necessary to standardize the agitation of
all the plating solutions. Under normal conditions the plating baths
were mechanically stirred using a magnet covered in an inert coa,ting. The
rate of stirring was sufficiently slow to prevent the formation of a vortex
on the surface and excessive aeration. However, it did produce an
273
efficient mixing of the solution and reduced any concentration effects
In' some experiments a comparison was made between the various, forms of 
agitation. When deposition was required from a still solution, the bath Was
placed on a sheet of anti-vibration padding to reduce any mixing or other
effects resulting from vibrations of the bench. The use of ultrasonic
vibration, which has been reviewed in the preceding chapter (Section 1.3*6),
was found to eliminate the diffusion layer of a polarized copper electrode 
274
, but not to affect its equilibrium potential. The plating solution
was ultrasonically agitated by. placing it, in a glass beaker,: in an
ultrasonic tank filled with water. However, during the application of
ultrasonic vibrations to the bath, the temperature of the water rose
several degrees. To counterbalance this rise in temperature, a water 
to i l
cooled copper^was fitted inside the tank and the rate of water flow was
regulated,so that there was no noticeable increase .in temperature over
the maximum plating time which was three hours for the hardness determinations.
2.3.4 Temperature Control .
The temperature of the bath is very important, because it affects the plating
variables such as polarization. For this reason, it is essential to
control the temperature of the electrolyte as accurately as possible during
the study of deposition processes. Although it has been suggested by .
275
Wilman that the temperature of a metal species at the time of its 
crystallization is much higher than that of the plating bath, the temperature 
of the bulk solution is also important. Therefore, irrespective of the 
significance of this crystallization temperature, it is necessary to 
maintain the temperature of the plating bath at a constant value, because 
small changes may have a marked effect on the properties of the resulting 
deposits, such as the internal stress.
Preliminary work has shown that the internal stress in copper deposits
depends upon the temperature of the plating bath. A decrease in the tensile
stress was observed from 19*3 MN/m^ at 0°C to 7.25 MU/m^ at 23°C and to 
2 o3*1 EU/m at 40 C, so it was essential to control carefully the bath 
temperature. The temperature of the plating bath may rise during 
electrolysis with solutions of high electrical resistance or with the use 
of high current densities. It was, therefore, decided that air thermostated 
enclosures were not suitable, particularly as a wide range of temperatures 
was required. Constant temperature water baths were found to be satisfactory 
and only a very small change in temperature (i 1°C) occurred over a period 
of three hours,when high current densities were used in still solutions.
It was not possible to use. a commercial metallic constant temperature water 
bath for magnetically stirred solutions. For these stirred baths the use
of a five litre beaker as a constant temperature enclosure was found to
be satisfactory. The plating solution contained in a beaker, was put in
the larger glass vessel and placed on the magnetic stirrer which also served as
as a hot plate. The temperature of a solution in this arrangement was
+ ofound to be very constant and a maxinrmn variation of about - 2 C was
observed at 95°C over a time period of three hours. A mixture of water,
ice and sodium chloride was used in the outer vessel to produce cold
+ osurroundings and constant values as low as -2 - 1 C were obtained and 
maintained for up to three hours. •
The use of a water cooled coil to keep a constant temperature in the
ultrasonic tank has already been discussed (Section 2.3.3)• This gave a
+ otemperature which could be controlled at about - 2 C in the temperature 
range from 10°C to 90°0.
2*3*5 Concentration of the Electrolyte
It is important that the plating bath should contain a sufficient volume 
of electrolyte to prevent a significant change occurring in the composition, 
during an experiment. This is particularly relevant in pure solutions, 
because a change occurs in the metal ion concentration if the rate of 
deposition at the cathode is not equal to the rate of dissolution at the
anode. The incorporation of an addition agent in the deposited metal has
, , _ 94>96,110,111,113 , „ ,. * ,n -s ,, .been observed • -and discussed in Section 1.2.6: this may
have a considerable Effect o# the properties of the deposit.
In order to determine whether changes occurred in the plating bath in this 
present work, a thick copper deposit was plated on to electrodes of an area o£
4 x 10 m with a current density of 215A/m for three-hours, using one 
litre of the copper sulphate-sulphuric acid plating bath containing 0.119 
g/l benzotriazole. The deposit was then mounted, cross-sectioned, polished 
and etched and the microhardness measured at different distances from the 
substrate. Because no appreciable variation was found in the hardness at 
different deposit thicknesses, it was concluded that no significant 
changes occurred in the bath during plating to affect the hardness.
276It is known from work by Read and Graham that the composition of the 
cathode lay6r may be quite different from that of the bulk solution. These 
differences may be important in this work, particularly when benzotriazole 
is used; however, ultrasonic vibrations are known to eliminate the diffusion 
layers at copper electrode surfaces'^. Read and Graham^^ showed that,
for the copper sulphate system, the following effects occurred:
0) variations in the hulk sulphuric acid concentration affect the 
cathodic film more than similar bulk copper sulphate changes;
(2) a small temperature rise markedly decreases the concentration 
gradient, because the acid content of the film decreases and the 
copper ion concentration increases;
(3) there can be a variation in the cathodic film composition with a 
change in the siting of a vertical cathode, despite agitation;
(4) an increase in the current density increases the sulphuric acid 
content and decreases the copper sulphate content of the cathodic 
film. *
It is for reasons such as these, that it is necessary to fix the relative 
positions of the anode and cathode, to stabilise the plating-temperature 
and to ensure that the current density remains as constant as possible 
during the experiment.
2.3.6 Electrode Preparation
The cathodes were prepared from thick copper sheet (2.5 x 10“  ^or i.7 x 10" 
thick). In the unpurified bath, general laboratory grade copper was used 
for both electrodes while, in the purified bath, analar grade copper was 
used for the anodes and the general grade for cathodes. The areas of the 
anode and cathode were equal unless stated otherwise.
. It soon became evident that, unless the surfaces wens prepared carefully, 
the adhesion of the electrodeposited copper was not always good and peeling 
sometimes occurred with highly stressed deposits. The following procedure 
was found to give good deposits and reproducible results. The copper 
surfaces were degreased by immersion in acetone in a beaker that was placed 
in the ultrasonic tank and subjected to vibrations for about fifteen * 
minutes. This was followed by a quick pickle at room temperature in a 
mixture of 50% nitric acid and 50% distilled water, to remove any surface 
films. The specimens were then washed thoroughly in distilled water and 
air dried.
The specimens were lacquered with * Lac omit1 so that only the required 
surface area would be plated at the appropriate current density. This 
lacquer was dried in an air furnace at 100°C for several hours. To 
ascertain that the Lacomit itself did not introduce any impurities into 
the plating solution, a comparison was made with another lacquer,1 Collodion 
The stress results, for a parallel pair of experiments using these lacquers
were the same so it was concluded that, as they had very different 
compositions, no significant impurity was introduced into the electrolyte.
2.3.7 Cathodic Current Distribution
The current distribution on the cathodes' should be as uniform as possible 
to give representative and reproducible results. With a flat cathode, 
the area to be plated should be as central as possible on the electrode 
so that the lacquer covers the edges. The anode-cathode separation 
distance and relative positions were chosen and fixed, because the 
literature indicated that these values gave the bast compromise for 
planar^equipotential surfaces and optimum current distribution. The 
anode and cathode in each cell were held in a vertical position with 
crocodile clips on very thick copper wire which was clamped-above the 
bath, with the electrode surfaces parallel to each other at a fixed 
distance apart. The spacing of the anode and cathode was 2.5 times the
077 070 , '
electrode width and this distance has been related to the throwing
279-281
power . When a contractometer is used to measure the internal stress
the cathode is in the form of a helix and, therefore, a cylindrical,
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anode is used to give a -uniform deposit thickness .
The time .of immersion, prior to the commencement of plating and after
plating, had been completed, were kept as short as possible, to minimize
any dissolution of the copper electrodes. The total immerson time of
the electrodes in the plating solution is important because, even when'
no current is flowing, certain reactions may take place at the copper
surfaces and alter the nature of the surface and possibly the cathodic 
282 285
■and anodic films . Evans suggested that the dissolution of a 
copper surface in an oxygenated solution may occur thus:
2 Cu + 2H2S04 + 0 2 = 2 CuS04 + 2H20
In the absence of oxygen, copper can still dissolve until an equilibrium
2ft A
between, cuprous and cupric ions is reached . This particular reaction
has been established as one of the chief causes of errorin the copper 
285coulcmeter . Local electrochemical corrosion of polycrystalline copper
may also occurydue to the variations in the electode potentials of grain
286boundaries and different crystaliographic faces of the copper
2.5.8 Current Density and Plating Time
A direct current, stabilized power supply instrument was used which was
capable of producing up to thirty volts and a current of three amperes. 
This instrument was found to provide a constant current over a period of 
up to three hours which was the longest plating time used for the hardness 
measurements.
The plating solutions were contained in beakers surrounded by constant 
temperature water baths. These beakers were arranged in series so that, 
with electrodes of the same area, the current density in each cell was 
identical. It was necessary to control the current density carefully 
because preliminary stress measurements indicated that the internal stress 
increased considerably with the current density, at a bath temperature of 
0°C, as shown in Table 2.3.8.
Current Density 
A/m2
Internal Stress.
m/m2
55 . 1.03
110 1.72
215 6.89
430 19.3
. 6 4 5 20.7
Table 2.3.8
The plating time was adjusted to give a constant deposit thickness, so that 
any variation with thickness in the property to be measured was minimized: 
for these calculations the current efficiency was assumed to be 100% and, 
under normal conditions, this introduced only a very small error of 1 or 2%. 
This arrangement was used to investigate the effect of varying either the 
plating temperature or the agitation of the solution, with a fixed current 
density.
2.4. Electrodeposition: Measurement of Properties
2.4.1 Determination of Current Efficiency
The current efficiency is the percentage of the total currentflowing 
through a cell that is effectively employed in the cathodic deposition or 
the anodic dissolution of a metal. If the current efficiency is less thani 
100%, some of the current is used in secondary reactions, such as the 
codeposition of hydrogen at the cathode. It is not the' economic loss, 
due to the higher current consumption required to produce a coating of a 
particular thickness, that is usually considered important,but the influence 
of the side reactions on the quality of the coatings, e.g. a small volume 
of hydrogen may produce a high internal stress in the coating.
The standard method of measuring a quantity of electricity is to use a
silver coulometer, in which one coulomb of electricity deposits 0.001118 g
of silver. Eor accurate measurements, the current density used in this
2
silver coulometer must normally be about JOk/m , hence it was not practical
2
to use it with current densities of 500A/m that were used in this work,
because extremely large silver electrodes would be required. The use of
a commercial coulometer, a Batty instrument, was considered but this had an 
+ /accuracy of only - 5%» which was not sufficiently sensitive for these 
determinations. Therefore, it was decided to set up experiments to measure 
the relative changes in the current efficiency produced by variations of the 
current density and the bath temperature.
t . 1 ‘
Tfye effect of varying the current density was first studied by using nine
pairs of electrodes of different surface areas, the smallest being
—A 2 —3 2I.64 x 10 m and the. largest 2.7 x 10 m . These electrodes were prepared
as described in the section on Electrode Preparation(£-3.&) and then weighed.
They were connected in series in the same plating tank, to ensure a
constant temperature, and a current of one ampere was passed for an hour,
corresponding to a current density varying from approximately 860A/m to
55 A/m . After deposition, the electrodes were washed, dried and weighed
so that the weight changes for each pair of electrodes could be compared.
The results obtained using this technique were unexpected and some cathodes
even lost weight. The experiment was, therefore, repeated with each pair
of electrodes in a separate beaker; all the beakers were placed in a
constant temperature water bath to ensure an identical temperature in
each beaker. This arrangement gave satisfactory results, so the process
was repeated at different temperatures from 10°C to 77^0. The variation 
in the current efficiency was determined by this method using different 
curreit desities at a fixed temperature. .
To determine the effect of varying the plating on the current efficiency, 
the current density was fixed by using four cells in series, having all 
the ekctrodes of the same area. . The solution temperatures were kept ' 
constant in water baths at about 10°C, 25°C, 50°C and 85°Cand a current 
of one ampere was again passed for an hour and the current efficiency 
was calculated. Because approximately the same thickness of copper was 
deposited on to the specimens, they were then used.to give an indication 
of the variation of hardness with bath temperature.
2.4.2 Metal Distribution Ratio and Throwing Power •'
250In this work the Haring Blum cell was used to^termine the metal
distribution ratiojfrom which the throwing power was calculated using 
255the Field  ^formula. The cell consisted of a rectangular box, with
-1 -2internal dimensions 1.5 x 10 m long, 5 x 10 m deep, constructed of
perspex or polymethyl-methacrylate. Two cathodes of equal area were
placed at the opposite ends of the cell and joined together with a thick
wire. The anode, which was perforated by five holes to minimize any
difference in the concentration polarization on each side, was placed
-2m  the cell between the cathodes at a distance of 2.5 x 10 m from one 
-1
end and 1.25 x 10 m from the other. This gave a ratio of distances of 
5:1 and is termed the primary current ratio. For-each run all the 
electrodes were cleaned in nitric acid, washed in water, dried in air, 
and weighed, and then a current of one ampere was passed for 20 minutes. 
Finally the electrodes were removed from the cell, washed, dried in air 
and weighed. Three identical cells were used in series with either one, 
or two, cells in the ultrasonic tank, so that the effect of ultrasonics 
on the metal distribution and throwing power could be compared with the 
results from the still solution. However, this arrangement gave irregular . 
values for the metal distribution ratio and throwing power; for two identical 
experiments with still solutions the metal distribution ratios were 2.97* 
2.34, 3.47, 4.24, 3.79 and 4.53.
The experimental technique finally adopted, which gave reproducible 
results for the metal distribution ratio of 4*°5> 3*99 and 4.14, is now 
described. In each cell, those surfaces of both cathodes that face away
from the anode were lacquered with lac omit and then dried in an oven. A 
thick copper wire was soldered on to the top of each cathode and bent so 
the two, free ends in a cell could be connected together with an electrical 
barrier strip, so minimizing any contact resistance which could affect the 
current distribution. The other faces of the cathodes were given a quick 
etch in 50% nitric acid for 30 seconds, washed in distilled water and 
dried with a hot air fan. For accurate results it was essential to use all 
the electrodes in a vertical position, with the cathodes flat against the 
ends of the cell, in positions which could be exactly reproduced from one 
run to another. This was achieved by the use of very small perspex cubes 
stuck to the bottom of the cell to locate the ends of the electrodes, and 
by horizontal perspex bars on top of the cell, to keep the electrodes in 
a vertical position with the cathodes against the ends of the cell.
To minimize the dissolution of copper in the acid plating solution as 
described earlier,(Section 2.3.7), the electrodes were positioned in the 
empty cells and a small potential was applied to prevent corrosion when 
the appropriate volume of solution was added. The potential was adjusted 
to give the required current density; after plating for the necessary time, 
the applied potential was reduced to a very low value to avoid any anodic 
dissolution and the electrodes were removed from the bath, immediately- 
washed, dried and weighed. • •
2.4-.3 Surface Appearance •
The effect on the surfaoe appearance of varying the current density and thei . = •
bath temperature was investigated for deposits from the unpurified bath.
. . .  2
Five current densities 6^ tll0y 2Z0tk30 and 650 A/m were used, together with 
five temperatures, 0, 23, 40, ^0 and 80°C; the plating time was varied and 
depended upon the current density, being equivalent to 1 hour with 220 A/m . 
After plating the specimens in series, they were washed in warm water,
dipped in acetone and dried in air. Photographs were taken of all these
deposits on a Zeiss microscope at a magnification of x 320.
The effect of different degrees of solution agitiation, i.e. still, stirred
o 2
and ultrasonic, was studied at 23 C with a current density of 430 A/m , using
the unpurified bath with and without an addition of benzotriazole. The
surfaces of these specimens were photographed at magnifications of x 1 and
x 320, as soon as possible after plating, to minimize the extent of cracking
and peeling of the coat.
2.4.4 Determination of Grain Size
150It has been established by Butts and DeHora that the grain size of a 
deposit is mainly influenced by the plating conditions. It is also known 
that the, grain size has a marked effect on the properties of a deposit, 
such as the internal stress and microhardness. Therefore, the grain size 
was measured, so that it could be compared with the other properties of 
the deposit to be investigated.
The grain size of deposits was measured by the lineax intercept method
on a polished and etched surface. The plated surface was lightly polished
with a fine metal polish to remove the protruding areas. The Beilby
layer was removed by electropolishing with concentrated phosphoric acid
(specific gravity 1.'75) £oom temperature, using a potential of about
three volts and a current density of 200 to 500 A/m ; a polishing time of
between two and five minutes was found to be satisfactory. Because the .
main comparison was made between the grain size and microhardness, the
same specimens were used for both measurements. The thickness ox the
-5deposits was fixed at 5 x 10 m since this was the value required for the 
hardness determination. After polishing,the copper deposits were etched 
at room temperature with a mixture of 50 mis ammonium hydroxide, 20 mis 
of hydrogen peroxide (of strength 30 volumes) and 50 mis of water, which 
left the grain boundaries clearly visible under the microscope. However, 
the above mentioned etchant stained the surface of deposits from the 
plating bath containing benzotriazole, so for these coatings .alcoholic 
ferric chloride was used.
‘The surface line intercept method was used to measure the grain size.
The etched surface, showing deposits with a large grain size, was magnified
and projected 011 to a Quantimet television screen, whereas a Vickers
Projection microscope with oil immersion (quoted magnification up to
x 4,000) was used for finer deposits. A straight edged linear scale
(perspex ruler) was superimposed on the magnified image and the number
of grain boundary intercepts recorded on the largest possible scale 
—1
length ( 3 x 10 m on the Quantimet and 1.5 x 10 m on the Vickers).
For both instruments the lower magnification was used, so that the 
maximum number of intercepts was visible, thus giving the most accurate 
values. Readings were taken on the central-region of the. deposit, 
because this area has the most uniform current distribution. An average 
value was obtained from transverse, longitudinal and diagonal orientations
of the scale. This method to determine the mean intercept length followed
007
that described in the ASTM standard . Several correlation factors have.
been proposed to obtain the grain diameter from the intercept length and
288-291these range from 1.5 to 1.126 . However, the mean intercept length
292.is recorded in this work, because it is widely used in the literature
2.4.9 Measurement of Internal Stress
A 70
Modified Rear Arrowsmith Apparatus
During the early stages of this work, the internal stress was measured with
' 138a modified form of the Hoar Arrowsmith Apparatus and the later work with
192 . ,
a Brenner Senderoff Spiral Contractometer . The change of the apparatus 
was not due to any scientific reason but due to the accidental loss of the 
Hoar Arrowsmith apparatus that occurred during a move from one laboratory 
to another. The Hoar Arrowsmith Apparatus has been described in detail 
elsewhere ’ and is shown in Dig 2.4*5 (a) so a further description is 
not given here. The modifications that have been made to improve it are 
now briefly described. The modified form Fig. 2*4*5 (b) incorporates a 
long, light, thin walled, stainless steel tube attached to the free end of 
the cathode and this tube supports the mirror,so increasing the sensitivity 
of the instrument. The electromagnets can be moved along parallel track 
lines' and then clamped into position so that the applied field can be 
varied depending upon the stresses expected; for high stresses the magnets 
are moved closer to the strip. The instrument can be calibrated in a 
vertical position and this prevents the bending of the strip .under its 
own weight, which may occur during calibration in a horizontal position. 
.Weights are placed in the pans attached to . the end of the strip by a magnet 
sheath and rigid struts: the sensitivity can be improved by increasing the 
distance between the pans. Using this arrangement the gravimetric and 
magnetic forces are applied .to the same position on the strip, which may be 
close to the top of the deposit to increase the accuracy.
In this apparatus the anode was a strip of metal, with the same dimensions
as the cathode, held in a position parallel to the cathode and at.a distance 
-2
of about 4 x 10 m from the face to be plated. A copper anode was used for 
copper plating and was of the same grade as the chemicals used for the 
plating solution, i.e. general or analar quality.
The stress values in copper deposits measured with this instrument were
170
compared with those obtained from the MacUaughton and Hothersall apparatus
cl H oar-A rrcw sm ith  A pparatus.
JJI
b M odified  Form .
i I_____i— "1 c r~~i
C Cathode 
A Anode
E Electromagnets 
P Pans for calibrating weights 
S Magnetic sheath 
R Railway lines
Fig. 2.4.5. Hoar Arrowsmith Apparatus and Modified Form
192and also the Contractometer ' . For this comparison a stainless steel
strip, measuring approximately 0.12 x 0.01 x 0.0005m, was used as the
cathode in the modified apparatus. This strip, and a similar pair for the.
Machaughton and Hothersa,ll method, were prepared hy the same processes as
used for the spiral in the Contractometer (which will he disscussed later
in this section), namely degreased in acetone and then plated with thin
coatings of nickel and copper. Analar solutions were used and the plating
conditions and deposit thickness were standardized for the three stress
measurements. The tensile stress values obtained were an average of three
separate readings and in .close agreement, being 14.5'MF/m / with the
2
■ DacBaughton and Hothersall method, 13.8 Mr/m with the contractometer and 
2
13.1 MB'/m with the modified apparatus.
The normal cathode in this work was a strip of a platinum .10% iridium
alloy, the iridium being added to, increase the elasticity and strength -
of the platinum. To ascertain that the strip was not permanently deformed
during the deposition of a stressed coating, the strip was plated with a
stressed deposit and then the current was reversed and the coating was
anodically dissolved. The fact that the strip returned to the original
postion, as indicated by the light spot, suggested that there was no
permanent deformation. Because the anodic dissolution of the coating could
also have removed the nickel and copper planted daring the preparation of
the strip, it can be assumed that there was either a very low or a zero
internal stress in these thin deposits.
* 192Brenner Senderoff ^ Spiral _Contrac tome ter
This instrument consists of a, cathode strip bent into the form of a helix, 
the upper end of which is fixed and the lower end is free to rotate, see 
Fig. 2.4.5 (c.) During the plating of a stressed deposit the lower end of 
the spiral is deflected and this movement is magnified by means of a system 
of gears and indicated by a dial 'on top of the instrument. If the. deposit 
on the spiral is in tension the spiral unwinds; if in compressive stress 
it winds closer.
The spiral is a titanium stabilized 18/8 stainless steel, which requires
careful surface preparation before it can be plated with copper from the
copper sulphate bath and the procedure followed was similar to that in the
154article by Brenner and Senderoff, in which they described the instrument . 
The spiral was degreased by immersion in acetone in an ultrasonic tank and
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then plated with nickel from the Wood1s bath which contained 250 g/l 
nickel chloride (WiCI^^HgO) and 50 ml/l concentrated hydrochloric acid.
The time used was two minutes at 60°C with 200 A/m^. This was followed 
by a flash coating with copper from the cyanide bath using the same 
plating conditions and time. After preliminary tests, it was not found 
necessary to lacquer the inner surface of the spiral to prevent deposition, 
because very little copper was plated on the inside of the spiral.
The helix was clamped to the instrument with lacquered clips and calibrated
by applying a, weight, on a thread over a pully, attached to the lower, free
end of the helix. The contractometer reading was recorded on the dial, 
both as the load was increased and decreased, and a graph of load v 
deflection was plotted. The process was repeated with the spiral twisting 
in the opposite direction, so that the stress value could be obtained> 
whichever direction the spiral moved during plating. This graph was found 
to be a straight line and,from the gradient, the deflection constant K can 
be calculated. The mean stress in the deposit was calculated from the 
equation:
c 2 K D  .q p
s =  m  x  485
2 •
Where S = mean stress in kw/m '
K = constant, gradient of load v deflection curve
3) = contractometer deflection in degrees
p = pitch of the helix in cm.
t - thickness'of the material’of the helix in cnv
d = deposit thickness in c#v».- -
In this work nine spirals were prepared together and stored in a desiccator, 
to prevent surface corrosion, until required. Three contractometers were 
used and it was necessaiy, before every stress determination, to calibrate 
the spiral when clamped to a particular contractometer. The spirals were 
connected in series and, after calibration in air, each was immersed in a 
plating solution contained in a one litre beaker which, in turn, was placed 
in a three litre glass vessel containing the water which acted as a constant 
temperature bath. The litre beaker was lined with a clean cylindrical anode, 
which was used to give a uniformly thick deposit on the spiral. The solutions
were magnetically stirred below the spirals.
Readings were taken of the deflections during plating, after lightly tapping
the head of the instrument to overcome friction in the gears. Because
different current densities were used^the deflections were recorded after
plating times which corresponded to certain deposit thicknesses. The
deposit thickness, after plating had finished, was calculated from the
weight, area and density of the deposit, because an accurate micrometer
reading could not be obtained^as the cathode was curved. The validity
of the assumptions made in this, and other methods, has been examined by 
293
dabe and West .
2.4-6 Measurement of Microhardness '
The preliminary work on the microhardness of copper deposits was carried 
out with the GKH Microhardness Tester. However, because only two sets of 
results were obtained with this instrument, its operation is not described 
but followed that in the manual. . The load was 30 g for the copper deposits 
and 100 g for the deposits containing benzotriazole: this change in the 
load could have introduced a small inaccuracy into the readings so, after 
this preliminary work, a fixed load was used in all the subsequent tests.
The hardness of the copper was HV 102 and that from a bath containing 
benzotriazole HV 374 > both these values were an average of 7 pairs of 
readings. Because of the very large increase produced by the benzotriazole, 
the effect of the separate plating variables, bath temperature, current 
density, etc, was investigated for both the plain bath and the one containing 
benzotriazole. ' - •
The Akashi Microhardness Tester was used for the later work, because it was 
then available and more convenient to operate. The surface to be examined 
is viewed at a magnification of x 20 and the area to be tested is centrally 
aligned. The carriage supporting the specimen is then slid along rails 
until it is below the diamond indenter, the carriage i.s then raised and the 
load applied for a period of ten seconds. The load is then removed by 
lowering the carriage, which is moved back under the microscope. The length 
of the two diagonals of the diamond shaped indentation are measured and the 
average is calculated. Rrom this value the corresponding Vickers hardness 
number can be obtained, using the conversion tables provided with the 
instrument. '
Reproducible results can only be obtained if the surface is smooth and
a diamond shaped indentation is formed.. When the surface is rough a
kite shape is produced, with different lengths for the diagonals of the
indentation, and in this work, if these pairs of readings were not within 
+  /- 3% of each other, the reading was repeated. The surfaces were electro­
polished as described in the section on grain size determination. The 
testing load was chosen as 50 g because this gave a small depth of
indentation.and, with the copper specimens used, a diagonal length for the
—6diamond impression of between about 36 x 10 m for the softest coatings
and 17 x 10~^m for the hardest (corresponding to Vickers hardness numbers
of about HV 70 and 32.0). The load was determined mainly by the softest
coatings and fixed because, although Vickers hardness is generally
acknowledged not to depend upon the load, there is some evidence that with
29/ .
very small loads the hardness increases with a decrease in the load ' .
Therefore, by fixing the load for all the coatings this possible variation
was avoided. A thick substrate should be used to avoid any bending
produced by internal stress in the deposit dur-ing the plating. It should
also be at 1.5 times the diagonal length of the indentation (ten times the
depth of indentation) according to the instruction manual, so the plating
times and current densities were adjusted to give a constant deposit
-5thickness of approximately 5 x 10 m. For harder deposits, a thinner 
deposit thickness would have been suitable, but the thickness was standardized 
to eliminate the errors arising from any variations in the hardness with 
deposit thickness. •
-3The cathodes were cut from, copper sheet with a thickness of 2-5 x 10 m> 
which was cleaned in the usual way and then lacquered to give an exposed
_3 2.
area of 4 x 10 m. The anodes were of the same area and the ekctrodes
_2were separated in the plating cell by a distance of 6 x 10 m, with the 
magnetic, stirred placed midway at a fixed distance below the electrodes. .
One litre of fresh solution was used for each run and, after deposition, 
the cathodes were immediately removed, rinsed in distilled water, dried 
and the hardness measured. This was done to minimize the effects of stress 
relief and/or peeling of the deposit, which would reduce the hardness.
The readings were taken .on .the central area of the electrodes, where the 
current density and deposit thickness were most uniform. Each hardness 
value recorded is an average of at least seven pairs of readings. To 
check the accuracy and setting of the tester, a specimen; of annealed, polished 
copper sheet was used as a standard before and afer each set. of readings.
3. PRELIMINARY RESULTS
3.1 Introduction
’ #
In the first part of this chapter a description is given 
of the preliminary work which was done to investigate 
the effect of benzotriazole on the corrosion of copper 
immersed in various solutions. Experiments were conducted 
with copx>er specimens immersed in the solution being tested 
and also in a solution containing an addition of benzot- 
ria&ole. Copper samples which had been treated with a 
hot solution of benzotriazole prior to the test were 
compared with the untreated specimens in the same solutions. 
The oxidation resistance of plain and dipped copper 
specimens was studied using a thermal balance.
The second part of this chapter covers the electrodeposition 
of copper from the copper sulphate-sulphuric acid plating 
bath. An investigation was made into the effect of some 
plating variables on the current efficiency, metal distrib­
ution ratio and throwing power of the solution^as well as 
the hardness and internal stress of the deposits.
3.2 The Corrosion Inhibition of Copper produced by 
Benzotriazole.
Introduction.
The literature survey (section 1.1.5) indicated that very 
small additions of benzotriazole were sufficient to produce 
a marked reduction in the corrosion of copper, in certain 
specified solutions. In this preliminary work, the range 
of solutions used included two acids, hydrochloric and 
nitric, one base, ammonia, and one salt, sodium chloride, 
and the effect on the rate of corrosion of an addition of 
0.119 g/l benzotriazole to each solution was investigated.
The copper specimens were cleaned, as described previously 
in the experimental section 2.2.4, and some were pretreated 
by immersion in a hot solution of benzotriazole at 60°C 
for about five minutes, to allow a protective film to 
form on the surface. All the specimens were then dried,
weighed and immersed in a litre of* the solution being 
studied, one set in the plain solution, another set in 
the solution containing benzotriazole and the third set, 
that had been pretreated, in the plain solution. After the 
appropriate time, the specimens were taken out of the solution, 
washed in hot water to remove any soluble or loose film, 
dried in air and weighed. The tests were all conducted 
in still solutions at room temperature (20 3°C).
Results
These are given in Table 3*2.
So3.ution
-3 2Weight Change g/5**0 m . 17 days j
Plain Copper jDipped Copper
Plain Solution Solution containing 
Benzotriazole
plain
solution
0.1N Hydrochloric 
acid 1.5486 0.0494 1.1526
0.IN Nitric acid 0.1407 O.O935 O.I363
3% Ammonia 0.6451 0.0008 0.7274
0. 5N Sodium
chloride
0.1292* +0.0184* 
(weight gain)
0.2387*
)c . . 2
Weight loss$/i>Ok20 m in 6 days
Table 3,2
I. ? •
Discussion
These results indicate that a significant reduction in the 
rate of corrosion of the copper was produced by the addition 
of benzotriazole to all the solutions used. However, most of 
the copper specimens that had been pretreated with the 
benzotriazole corroded at a faster rate than those which had 
not been treated. This may be due to the formation of an 
incomplete protective film on the copper during the pre- 
treatment, resulting in the production of active-passive cells, 
which gave an increased rate of corrosion.
Therefore, in the subsequent work the dipped copper surfaces 
were treated with the hot aqueous benzotriazole solution for a 
much longer period, about thirty minutes, to encourage the 
production of a continuous film on the copper. It was also
decided to stir slowly the solution with magnets?in order 
to reduce any variations in the solution comioosition or 
temperature and to give more reproducible values.
Conclusion
From the results it may be concluded that:
(1) the addition of 0.119 g/l benzotriazole to all the 
solutions produced a marked decrease in corrosion of the 
copper;
(2) the process of dipping the copper in a hot solution of 
benzotriazole prior to testing had a marked effect and 
either increased or decreased the rate of corrosion of 
the specimens.
3*3. High Temperature Oxidation Resistance of Copper treated 
with Benzotriazole 
Introduction ‘
The use of benzotriazole to prevent copper tarnishing at room
temperature is well known and has been discussed in the
21literature review (section 1.1.5). Cotton observed that 
it gave some protection at elevated temperatures but he did 
not give any quantitative data. The aim of this section of 
the work was to determine the rate of oxidation of untreated 
and treated copper specimens at 300°C. The procedure was 
that described in section 2.2.5. and all the experiments were 
duplicated to give an indication of the accuracy. The 
specimens were, immersed in the hot benzotriazole solution for 
about 30 minutes, as described in section 3.2.
Results
Experiments with Plain Specimens
Areaj2 x 10 ^m x 5 x 10’~^m x 2 = 2 x10~^ m^.
Weight increase at 300°C: 2.6 mg and 3. 4 mg in 800 mins.
Experiment with Plain and Dipper Specimens 
Areaj5.6 x 10 ^m x 8.0 x 10 x 2 9 x 10~^m^
Weight increase at 300°C for 500 mins.
Weight Increase mg.
Specimen 1 Specimen 2 Average
Plain Copper 13.3 12.1
j
H to *
Copper dipped into hot water 11.4 11.0 11.2
Copper dipped 
Solution
into Benzotriazole 3.0 4.6 4.8
Table 3.3
Discussion
The results show that the weight changes
at 300°C were very low Tor specimens with a surface area of 
— 3 22 x 10 m and that a small difference in the weight increase
gave a large percentage error (about 30%). However, with
— 3 2larger areas (9 x: 10 m ) the weight increases were much 
larger and the errors (about 10%) in the readings df the 
plain specimens correspondingly smaller. The specimens 
that had been treated in hot water showed a small difference 
(l4%) from the plain untreated sample, but the gain was much 
larger than for those treated with benzotriazole.
The benzotriazole treatment produced a marked decrease in 
the rate of oxidation of the copper samples. Therefore, 
further work was planned to study the manner in which this 
reduction in the rate of oxidation was affected by the 
temperature of oxidation.
Conclusion,
The rate of oxidation1 at 300°C of copper was significantly 
reduced, if the specimens were dipped into a hot benzotriazole 
solution and allowed to dry in air prior to oxidation.
3 o 4 The Effect of Current Density and Ultransonic Agitation
on the Current Efficiency, Metal Distribution Ratio and 
Throwing Power of the Copper Plating Bath.
Introduction
In this section of the preliminary work the Haring Blum cell 
was used to investigate the weight changes that occurred at 
the electrodes, when different current densities were used 
with still and ultransonically agitated solutions. Three 
identical cells were connected in series, with two in the 
ultransonic bath and one containing a still solution^ or 
vice versa.
The relative current efficiencies of the anodic and cathodic 
processes were indicated by the weight loss of* the anode and 
the total weight gain of the two cathodes. The weight 
changes were measured with three different currents, so that 
any variation with the current density could be observed.
The metal distribution ratio was calculated from the weight 
gains of the two cathodes. The throwing power was determined 
from this ratio, using the Field Formula given in section
1.3.7 , for both the still and the ultrasonically agitated 
solutions at the three different current densities. The 
experimental details were as described in the experimental 
section 2.4.2.
Results
These are given in Table 3*4 •
i Anodic 
1 Current 
Density
2
A/M
Plating
Time
Mins.
Anode
Loss
9-
Cathode 
1 Gain 
M1
9-
Cathode 
2 Gain
V
9*
Total
Cathode
Gain
m +m2 
9-
Metal 
Distr. 
Ratio
V M2
Throw­
ing
Power
%
.
J
Soluti
Agit­
ation
385 10 .4107 . 3030 .0927 .3957 3.269 27.61 Still
.4168 .3408 .0730 .4138 4.668 4.33 Ultra­
sonic
195 15 .3062 .2309 .0578 .2887 3.994 14.38 Still
.3x30 .2388 .0516 .2904 4.628 4.88 Ultra­
sonic
30 120 .4030 .2874 .0960 .3834 2. 994 33.47 Still
.4118 .3021 .0838 .3879 3.521 22. 68 Ultra­
sonic
Table 304
Discussion
From the weight changes recorded in Table 3.45it is apparent 
that the accuracy of the metal distribution ratio depends 
particularly upon the weight change of the cathode further 
away from the anode. A difference in weight of 1 mg represents 
an approximate error- of only 0.3% for the cathode nearer to 
the anode, whereas on.the other cathode it is 2%. Although
the total weight of copper deposited should not affect the 
metal distribution ratio, it was decided for future experiments 
to fix this at one ampere for 20 minutes, or the equivalent.
Conclusion
From the results it may be concluded that:.
(1) the weight loss of the anode was greater than the,total
weight gain of the cathodes at all the current densities 
used, ic. the anodic current efficiency was always higher 
than the cathodic current efficiency; '
(2) the anode in the ultrasonic bath lost more weight than in
the still .bath,i.e. the anodic current efficiency was
higher in the ultrasonically agitated solution than in 
the still solution;
(3) the total weight gain of the cathodes in the ultrasonic 
bath was greater than in the still bath^lp. the cathodic 
current efficiency was higher in the ultrasonically
agitated solution than in the still solution;
(4) in the ultrasonic bath the metal distribution ratio was
higher and the throwing power was lower than.in the still 
bath;
(5) the metal distribution ratio in the ultrasonic bath
increased with current density, whereas a peak was obtained
in the still bath at about 170 A/m , the throwing power 
changing in the opposite manner.
3•5• The Effect of Different Plating Variables on the Hardness 
of Copper Deposits from the Plain Bath 
Introduction
A study was made of the effect on the hardness of varying 
the concentration of the solution and the plating conditions.
In each experiment all the factors, except that being 
investigated, were kept constant. The concentration of 
copper sulphate in the plating solution was varied as well as 
the sulphuric acid, although it was suggested in the literature 
review section (l. 3.4) that this would give only a very small 
change. The hardness measurements were made on very thick 
deposits (about 2.3 x ICT^m) so that the effect of the
n On
substrate could be ignored.
Results
In all the experiments a stirred standard bath of 125 g/l
copper sulphate and 49 g/l sulphuric acid was used at a
o . 2
temperature of 20 C and with a current density of 215A/ra ,
unless otherwise stated.
3.5«1• Effect of Solution Purification 
Bath Temperature 25°C
Solution Deposit Hardness HV
Standard bath made with 
general grade chemicals
Standard bath made with
general grade chemicals and purified
84
71
3.5.2 Effect of Concentration of Copper Sulphate (CuSO. .5H 0)
2
Concentration of Copper Sulphate 
in Bath g/l
Deposit Hardness HV
47 Powdery
140 104
280 58
3.5* 3 Effect of Concentration of Sulphuric Acid in Bath
Concentration of Sulphuric Acid g/l Deposit Hardness HV
0 Powdery
25 88
49 83
98 78
3. 5« 4 Effect of Bath Temperature
Bath Temperature °C Deposit Hardness HV
9 102
23 87
52 68
3.5.5 Effect of Current Density 
Bath Temperature 23°C
2
Current Density Used A/m Deposit Hardness HV
55 88
215 95
- 430 116
3.5.6 Effect of Solution Agitation
Bath Temperature l8°C
Plating Bath '
1
Deposit Hardness HV
Still Solution 75
Stirred Solution 95
Ultransonic Solution... ■ , . ....... —-..................... 111
Discussion
The hardness was measured at three different values of the 
variable being studied, with the plating cells arranged in 
series, with -the exception of the current density in which 
different currents and plating times were used. Thus, the 
results can only be compared within each set, because small 
variations occurred in the current and plating temperature.
This is illustrated by the fact that the hardness of the 
deposit plated from the stirred bath, in the experiment 
designed to study the effect of solution agitation, was 95 
HV as compared with 93 HV when the current density was varied.
Conclusion
From these results it may be concluded that:
(1) purification of the plating solution reduced the hardness 
of the resulting deposit;
(2) the hardness was affected by the concentration of copper 
sulphate in the bath;
(3) this hardness was only slightly affected by the concentrat- 
- ion of sulphuric acid in the bath;
(4) too low a concentration of copper sulphate or sulphuric 
acid gave a powdery deposit;
(3) an increase in the bath temperature decreased the hardness;
(6) an increase in the current density increased the hardness;
(7) the hardness increased with the type of solution agitation 
in the following order: still, stirred and ultrasonic.
3.6 The Effect of Different Plating Variables on the Hardness 
of Copper Deposits from the Bath containing Benzotrlazole. 
Introduction *
In all these experiments the plating bath contained 0.119 g/l 
(0.001M) benzotriazole, unless otherwise stated. The variables
studied were the same as in the plain hath, namely the 
concentration of copper sulphate, hath temperatxire, current 
density and solution agitation>with the exception of* the 
concentration of sulphuric acid. The effect of agitation 
was studied with a plain bath and also, with additions of 
0.012 g/l, and a much higher concentration of 0.24 g/l.
Various additions from 0 to 1.0 g/l benzotriazole were 
investigated with ultrasonic agitation, and also with a still 
hath using a purified solution. The hardness of the deposits 
was measured immediately after plating,' and after several days, 
to ascertain whether any ageing of the deposits had occurred.
Results
In all the experiments a stirred standard bath of 1.25 g/l
copper sulphate and 49 g/l sulphuric acid was used^containing
0.119 g/l benzotriazole at a temperature of 20°C and with a
2current density of 215 A/m , unless otherwise stated.
3.6.1 Effect of Solution Purification 
Bath Temperature 25°C
Solution Deposit Hardness HV
Standard bath made with 
general grade chemicals
Standard bath made with general 
grade chemicals and purified (
248
■___________  195 ____,
3.6.2 Effect of Concentration of Copper Sulphate (CuS0^.5H^0)
'■ Concentration of Copper Sulphate 
in Bath g/l Deposit Hardness HV
47 187
140 300
280 224
3.6.3 Effect of Bath Temperature
Bath Temperature °C Deposit Hardness HV
20 260
202
65 161
........... - -1
3.6.4 Effect of Current Density
Bath Temperature 23°C
2
Current Density used A/m Deposit Hardness HV
260 228
520 255
645 280
3.6.5 Effect of Solution Agitation
Deposit Hardness HV
Plating Bath - Still
Solution
Stirred
Solution
Ultrasonic
Solution
Standard Bath 8i . 93 116
Standard Bath +0.01;?- g/l benzotriazole 104 109 121
Standard Bath +0.24 g/l benzotriazole 217 190 to ►P
"
3.6.6 Effect of the Concentration of Benzotriazole and the
Ageing of the Deposits,
. An ultransonically agitated, purified bath made from analar grade
chemicals was used, at a bath temperatures/*^^ and current
2
density 213 A/m. . '
O I ■ ■■ ■» ■ ■ : ■....
Concentration of 
benzotriazole in 
plating bath g/l
Deposit Hardness HV Ageing 
% change 
after 15 
days
Surface
Appear­
ance
Immediately A:Qer 1 day After
days
15
0 62.9 62. 6 ■5.6.5. 10 Dull,mat
0.0003 62.9 62.6 56.5 10 it tt
0.001 66 62. 6 58 12 it 11
o. 003 6? 64.2 61 '9 11 it
0. 01 68.8 60 ■ 64.2 7 11 ii
0.03 86.7 82.6 80.2 7 Slightly
bright
03H•O 103 99.7 99.7
-
5 Slightly
bright
0.2 110 110 107 3 Very
bright
0.3 132 148 143 6 Bright,
some
peeling
0.3 152 148 143 6 Bright,
some
peeling
1 . 0
/
-
136 143 143 9 Bright,
some
peeling
A magnetically stirred, purified bath made from analar grade
chemicals was used,, at a bath temperature of 22°C and current
2
density 215 A/m.
Concentration of 
benzotriazole in 
plating bath g/l
V.
Deposit Hardness HV Ageing 
% change 
after 7 
days
Surface Appea 
ance
Immediately After 7 days
0 63,9 6l06 3 Slightly
coarse, matt
0.001 67.7 66.3 2 Slightly
coarse, matt
0.005 67.7 6i.o 10 Slightly
coarse, matt
0. 01 74.4 71.6 4 Slightly
coarse, matt
0.05 H O U5 102 1 Fine, matt
CMH
9
o
127 116 8 it it
O • to 155. 144 7 Very bright
0.3 161 148 8 Bright,cracked
0.5 l6l 152 6 1! It
1.0 l6l 148 8 it 11
*
These results are not directly comparable - see Discussion.
3.6.7. Effect of Ageing the Solution 
Bath Temperature 26°C
' • Solution Deposit Hardness HV
Fresh solution with 0.119 g/l kzmofcricLZoit
S c lu - f ia n  C o n t a i n  (n g
0.119 g/l benzotriazole stored
for six months
234
270
Discussion
All the deposits produced from the bath containing benzotriazole 
were much harder than those from the corresponding bath without
any addition. It is interesting to note that the hath 
containing 47 g/l copper sulphate and benzotriazole produced 
a good metallic deposit whereas, without the addition, a 
powdery copper was deposited.
The hardness of the deposits increased with the concentration 
of benzotriazole in the plating solution, whether the bath was 
stilly magnetically stirred or ultra sonically agitated.
However, the results showing the effect of concentrations from 
0 to 1 g/l benzotriazole cannot be compared with one another 
because the bath temperatures were not identd cal. As a 
result of the very small volumes (150 mis) of solution used, 
most of the benzotriazole initially present in the bath was 
codeposited with the copper, before the plating had been 
completed. Therefore, towards the end of deposition, the 
copper was plated from solutions with a much lower concentration 
of benzotriazole than indicated by the initial concentration 
in the solution.
The ageing of the deposits reduced the hardness by a minimum 
of 1% and a maximum of 12%. There appears to be little 
correlation between the percentage decrease and either the 
benzotriazole concentration or the initial hardness. The 
surface of deposits, from plating baths containing very low 
additions of benzotriazole, appeared to be dull and matt.
With concentrations of about 0.05 to 0.2 g/l, the deposits 
were bright, but greater concentrations produced peeling and
i ,
cracking, suggesting the presence of a high internal stress. 
However, because of the low quantities used, these observations 
may not be typical.
Conclusion
From the results it may be concluded that:
(1) the hardness of the deposit increased with the concentrat­
ion of benzotriazole used;
(2) the presence of benzotriazole increased the limiting or 
maximum current density that could be used to produce 
good deposits;
(3) the hardness of. the deposits depended upon the concentrat­
ion of copper sulphate in the bath;
(4) the hardness decreased as the hath temperature increase^;
(5) the hardness increased with current density;
(6) the ha.rdness increased with the solution agitation in the
order still, stirred and ultrasonic;
(7) the presence of a sufficient concentration of benzotriazole 
produced bright copper deposits;
(8) a high concentration of benzotriazole resulted in a 
cracked or peeled deposit;
(9) the hardness of the deposits decreased with time at room 
temperature (22°C or 25°C), this has been called a self 
annealing or ageing effect.
3.7 The Effect of Different Plating Variables on the Internal
Stress in Copper Deposits from the Plain Bath.
Introduction
In the two previous sections, the influence on the hardness of 
the electrodeposits produced by varying the plating conditions 
has been studied. In this, and the next, set of experiments 
the effect on the internal stress xvas examined. In the first 
part of the preliminary work the effect of the purification 
of the plating solutions on the internal stress in the resulting 
deposits was investigated. The composition of the solution 
was fixed at 125 g/l copper sulphate and 49 g/l sulphuric acid, 
and one bath was made with general’ grade and another with 
analar grade chemicals. Part of the analar bath was purified 
with hydrogen peroxide, activated charcoal and then pre­
electrolysed as described in the experimental section (2e3.2 ). 
The internal stress in deposits from these solutions, namely 
general, analar and purified analar grades, were measured
1 Op
with the modified Hoar Arrowsmith apparatus under 
standardized conditions as described in section 2.4.5. The 
same purified analar bath was used again and the internal 
stress was determined and compared with previous value#.
The effect of the above purification treatments was studied 
for baths made with general grade chemicals and also analar 
grade chemicals; the stress in deposits from all these 
solutions was determined. The temperature and current density 
tised in the above three experiments were not identical, hence
the three sets of results are not comparable. The relatively 
low current density and high temperature may account for the 
father low stress values produced in the deposits from the 
bath containing the general grade chemicals.
It was, therefore, decided to investigate the effect on the 
stress of changes in the plating temperature and the current 
density. The variation of the stress with the concentration 
of copper sulphate, solution agitation and deposit thickness 
was also studied. All these experiments were conducted 
with general grade chemicals. Because the stress may depend 
upon the deposit thickness, this was fixed for each set of 
experiments, although it varied between sets.
Results
In all the experiments a stirred standard bath of 125 g/l
copper sulphate and 49 g/l sulphuric acid was used at a
o 2
temperature of 20 C and with a current density of 215 A/m ,
unless otherwise stated.
All the stresses recorded in this section are tensile.
3.7.1 Effect of Solution Purification
Standard Solution Current Bath Deposit Internal
Density Temperature Thickness Stress
A/m2 °C m MN/m2
General Grade Chemicals 213 . 20 2. 3 x 1CJ5 7.24
General Grade Chemicals 
purified 215 20 2.3 xlO5 3.4 3
Analar Grade Chemicals 270 15 3.2 xlO5 14. 2
Analar Grade Chemicals 
purified 270 15 3.2 xio5 10.7
General Grade Chemicals 380 18 4.3 x lO5 18. 0
Analar Grade Chemicals 380 • 18 4.3 x l O 5 " 14.3
Analar Grade Chemicals 
purified 380 18 4. 5 x 10^ 10.3
Analar Grade Chemicals 
used once 380 18
-5
4.3 xlO 9.63
3.7.2 Effect of Concentration of Copper Sulphate (CuSC,,5H 0) 
Deposit thickness 7.5 x 10 m
Concentration of Copper Sulphate 
in Bath g/l
Internal Stress 
MN/m
14 0 7.58
330 5.17
3,7.3 Effect of Bath Temperature
' _5 • -■
Deposit thickness 2.3 x 10 m
Bath Temperature°C
1
Internal Stress 
MN/m
0 “ 19.3
23 7.24
40 3.10
60 * 0.689
3.7.4 Effect of Current Density
' -5Deposit thickness 2.5 x 10 m
/ 2Current Density Used A/m
2Internal Stress MN/m"'
53 1.03
110 ; 2.41
215 6.89
430 19.3
645 20.7
3.7.5 Effect of Solution Agitation
Bath temperature l8 C, deposit thickness 1 x 10 m
2
Internal Stress MN/m
at
Current 2Density A/m
315 626 780 93O
Stirred bath 4,89 7.79 8.00 9.93
ULtrasonically agitated bath
■■mw-.r,"""* . ..... ........ ....... ................ ...
3-72 4.34 5.58 7.00
3.7.6 Effect of Deposit Thickness 
Bath Temperature 15°C
Deposit Thickness m 2Internal Stress MN/m
2.5 x 10"6 26.2
5 x 10"b 25.5
7.5 x 10"6 24.5
-6 22. 710 x 10
r
12.5 X  10"°. 21.1
15 X  10“6 18.6
Discussion
The work on the effect of purification of the electrolyte
showed that, in all the solutions used, the presence of
impurities increased the tensile stress. The fact that the
stress in the deposit from the analar purified hath did not
2
have the same value (10.3 MN/m ) as that from the same bath
' 2 
which had been used once (9.6 5 'MN/m ) is significant,because
this means that the same plating solution cannot be used
several times, since it does not give reproducible stress
values. It was therefore necessary to use a fresh solution
for each stress determination,so that large quantities of
copper sulphate and sulphuric acid were consumed^and this was
one of the reasons that the majority of the main experiments
were performed with the cheaper general laboratory grade and
not analar grade chemicals. Another reason for this decision
was that the results with these chemicals would be more
relevant to industrial plating, than if the work were done
with highly purified chemicals.
Since the internal stress was do dependent upon the plating 
conditions, it was necessary in subsequent work to control 
all these variables, except that being studied, and to quote 
them when the stress values are.recorded.
Conclusion
It can be concluded from these results that:
(1) copper was normally plated from the plain bath with a 
tensile stress;
(2) purification of the solution reduced the tensile stress;
(3) the stress in the deposit depended upon the concentration 
of copper sulphate in the bath;
(4) the stress decreased as the bath temperature increased;
(5 ) the stress increasedwith the current density;
(6) the stress was less in deposits from the ultrasanfc
bath than from the stirred bath;
(7) the stress decreased as the deposit thickness increased.
3.8 The Effect of Different Plating Variables on the Internal
Stress in Copper Deposits from the Bath containing 
Benzotriazole 
Introduction
71It has been shown by Prall (see section 1.2.7) that the 
addition of benzotriazole to the plating bath could promote 
either compressive or tensile stresses in the deposits, 
depending Lipon the plating conditions. Further work was 
carried out to ascertain the separate effects of the plating
variables on the stress in deposits from the standard bath 
containing an addition of 0.119 g/l (0.001 M) benzotriazole.
The effect of the purification of an analsr plating solution, 
prior to the addition of benzotriazole, on the resulting 
stress was investigated. The purification treatment was that 
described in the experimental section (2.3.2) and was performed 
before the benzotriazole was added, to avoid any alteration in 
the concentration or nature of the benzotriazole. Variations 
in the concentration of the copper sulphate, bath temperature 
and current density were also made, to study the effect on 
the resulting internal stress.
The effect on the stress of the ageing of the plating solution * 
containing benzotriazole was also studied. The internal 
stress was measured in deposits from two samples of an analar 
solution which had been stored for several weeks. The first 
sample contained benzotriazole during storage and, therefore, 
had aged. The second sample did not contain any addition 
during storage and the benzotriazole was added to this bath 
immediately before the commencement of plating.
It was also observed that the internal stress, in deposits from 
the bath containing benzotriazole, changed after the plating 
current had been switched off, with the plated cathode remaining 
in the solution. This stress after-effect was studied for 
deposits showing either a compressive or a tensile stress.
Results
In all the experiments a stirred standard bath of 125 g/l
copper sulphate and 49 g/l sulphuric acid was used containing
0.119 g/l benzotriazole at a temperature of 20°C and with a
2
current density of 215 A/m , unless otherwise stated.
3.8.1 Effect of Solution Purification
' _ g
Internal stress in deposits 7.5 x 10“ in thick, plated 
from a standard bath made using:
(1) analar grade chemicals 24.8 MN/m (tensil
(2) analar grade chemicals and purified 13.1 n 11
3.8.2 Effect of Concentration of Copper Sulphate (CuS0^.2H„0) 
Deposit thickness 7.5 x 10 
Bath temperature 22°C 
.Current density 195A/m^
Concentration of Copper Sulphate 
in Bath g/l
Internal Stress MN/m^
40 51.7 (tensile
80 22.7 (compressive)
280 34.5 "
Effect of Bath Temperature
Deposit thickness 7.5 x 10 ^m. •
Bath Temperature C
2
Internal Stress MN/m
20 17.2 (tensile)
25 22.1 (compressive)
30 36.5 "
3.8.4 Effect of Current Density
Bath temperature 22°C, deposit thickness 7.5 x 10
Current Density used A/m“
___________ ____  ..... . CL
Internal Stress MN/in
130 53.8 (compressive)
325 22.7 (tensile)
430 35.5 "
3.8.5 Effect of the Ageing of the Solution 
Deposit thickness 7.5 x 10
Internal stress in deposits plated from an old analar 
solution containing
2(1) fresh benzotriazole 1.72 MN/m (compressive)
2(2) aged benzotriazole 11.0 MN/m (tensile)
3.8.6 Effect of the Stress After-Effect
Deposit thickness 7.5 x 10 m
Bath Temperature °C
Internal Stress MN/mC
End of Plating After 30 Minues
15 68. 3T 77. 2T
22 H « O 14.5T
• 2k 5.17C 0
35 9O.3C 7O.OC
> . 1
T = Tensile Stress 
C = Compressive Stress
Discussion
The stress produced in the deposits from the bath' containing 
benzotriazole was much higher than in those from the plain 
bath. The stress could be either compressive or tensile, thus 
confirming the work of Prall^and Kendall .
Because the timing of the addition of benzotriazole to the 
plating bath influenced the internal stress in the deposits?the 
benzotriazole was added to the bath just before the start of 
plating. In this way the ageing effect was minimized and the 
resultant stress was modified by the benzotriazole and not by 
some products of its degradation.
The stress after-effect was larger in the compressively stressed 
deposits than in those' with a tensile stress. This observation
179
is m  good agreement with the work of Kushner , who found 
the same effect in copper and also nickel deposits.
Conclusion
From the results it may be concluded that:
(1) the presence of benzotriazole had a marked effect on both 
the sign and the magnitude of the internal stress;
(2) purification of the plating bath prior to the addition of 
the benzotriazole reduced the tensile stress;
(3). the tensile stress became compressive, as the concentration
of copper sulphate in the bath increased;
(4) the tensile stress became compressive as the bath temper­
ature, was raised;
(5) the compressive stress at low current densities became 
tensile as the current density was increased;
(6) the ageing of the solution prior to plating increased the 
stress in a tensile direction;
(7) after the completion of plating a tensile stress increased 
and a compressive stress decreased.
k. SOME PROPERTIES OF BENZOTBIAZOLE AND ITS EFFECT- ON THE CORROSION
.INHIBITION OF COPPER 
k.1 Introduction
The first section of this chapter covers the work done on the. solubility 
of benzotriazole in distilled water,, over the temperature range 1 to 97°0» 
The effect of different concentrations of benzotriazole on the conductivity 
arid pH of tap* distilled and deionized water is then described. The second 
part is concerned with the corrosion inhibition produced by benzotriazole 
on copper and brass. This includes the rate of corrosion, as measured by 
the weight change, of untreated and dipped copper in a wide range of 
solutions and pH, together with a comparison of trie inhibition produced on ' 
copper by benzotriazole, triazole and naphthotriazole.
k*2 Solubility of Benzotriazole in Distilled Water 
Introduction -
The solubility of benzotriazole in distilled water was determined since, 
in the later work, it was intended to use the benzotriazole as an addition 
agent in the plating bath over a \d.de range of temperatures. These measure­
ments were taken in distilled water, because in the subsequent experiments 
both the corrosion testing solutions and also the plating baths were made 
with distilled water. The details of the measurements have been described 
in the experimental section (2.2.1.).
Results
Solution
Temperature
Solubility of 
Benzotriazole
W/oY
Temperature Solubility
1 1.01 ■ - . 50 ' 5.30
7 1.29 . . 67 7.80
15 1.70 79 11.0
2k 1.98 • 8k 12.k
25 1.99 89 16.2
30 3.0^ 97 19.7
> 6.5 k.82
Table k.2
Discussion
The results are shown in Table k.2 and are also plotted in a graph, Fig. k.2, 
to illustrate the increase in the solubility of benzotriazole in distilled 
water, which is particularly marked above about 50°C.
Below about > 0°C a saturated solution appeared as two phases, a lower white
So
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FIG. 4. 2. EFFECT OF WATER'TEMPERATURE ON 
SOLUBILITY OF BENZOTRIAZOLE.
. solid and above it a milky aqueous phase* Gn stirring this solution the 
solid mixed with the aqueous phase and then settled out. As the solution 
was heated, a light brown oil began to form below the white solid at 47°C, 
and at 50°C all the solid had changed to oil, When the oil was stirred it 
formed globules in the clear aqueous phase and these gradually dropped back 
to the oily phase* When the solution was cooled, the powder began to 
form at 45°C and the last traces of the oil changed to the solid at 4l°C. 
Conclusion
The solubility of benzotriazole in distilled water increased with the 
water temperature as shown in Table 4.2 and the graph, Fig. 4.2.
4.3 Conductivity and pH of Benzotriazole Solutions 
Introduction
The conductivity and pH of tap, distilled and .deionized water were measured 
by the methods described in the Experimental Sections 2.2.2. and 2.2.3* 
respectively. The values given below are typical and an average of 
several measurements taken at l8°C.
Results
Concentration of Benzotriazole 
in Solution g/l
Specific Con^ucti^ity^ 
of Water 10 ohm cm pH of.Water
Tap Distilled Deionizec Tap Distilled Deionized
0 346 4.5 l.4l; 7.6; 5*1 6.15
0.0012 350 4.6 2.09 7.6; 5*05 6.3.5
0.012 360 4.9 2.7 7.6; . 5*05 6.0
0.12 360 5*5 3*39 7.6 5*05 5*75
1.2 370 ' 8.5 • 6.9 7.2; 5*0 5*25
Discussion Table 4.3
In the three waters used, the addition of benzotriazole increased the 
specific conductivity and lowered the pH as shown in Fig. 4.3. To under­
stand these results, the structure and the ionizaticn behaviour of benzo­
triazole in aqueous solutions must be considered.
The low dissociation constant (discussed in Section 1.1.3) means that very 
little dissociation of benzotriazole occurs when it is dissolved in water. 
Although this effect is small, it may explain the increase in the specific 
conductivity of water when benzotriazole is added. The decrease in the 
pH may result from an increase in the hydrogen ion concentration or a 
decrease in the hydroxyl ion concentration. However, the increase in the 
conductivity indicates the presence of more, not fewer, ions>so the pH
——  Conductivity 
x Tap water
Distilled water
Deionized water
Conductivity x 10
0 0.0012 0.012 0.12 1.2 g /l
Concentration of Benzotriazole in solution
FIG. 4.3.  EFFECT OF CONCENTRATION OF
BENZOTRIAZOLE ON THE pH AND SPECIFIC  
CONDUCTIVITY OF SOLUTIONS.
Specific 
Conductivity 
10 
ohm
change is probably due to the formation of hydrogen ions by the dissolution 
of benzotriazole
19It therefore appears that the suggestion of Tadashi, that benzotriazole 
forms the anion and the hydrogen cation, can explain the increase
in the conductivity and the- decrease in the pH observed when benzotriazole 
was added to the waters.
Conclusion .
\£he addition .of benzotriazole to all three waters gave a marked increase 
in the specific conductivity and reduced the pH.
Effect of Benzotriazole on Corrosion of Immersed Copper 
Introduction
In the preliminary work (section 3*2), it was shown that the addition of
0.12 g/l benzotriazole to an aqueous solution decreased the corrosion rate 
of immersed copper. In this work the effect of benzotriazole on the 
corrosion rate and the inhibitor efficiency were investigated in a wide 
range of chemicals, including several acids, salts and bases, as -well as 
solutions containing dissolved gases and detergents/ The experimental 
procedure followed that described in section 2.2.he and the weight change 
recorded was an average of four readings.
A loss in weight in this work represented a net dissolution or corrosion 
of the copper specimens^whereas a weight gain resulted from the formation 
of an insoluble precipitate on the surface of the copper. Another possi~ 
bility is that the copper corroded and the ions that were produced reacted 
with the electrolyte to form, a surface film or precipitate: this gave a
gain in weight, if the precipitate were heavier than the dissolved copper, 
or a loss in weight, if it were lighter.
Some idea of the corrosion processes was also given by an examination of 
the surface of the specimens and the colour of the . electrolyte. Thus, a 
coloured solution and a bright surface indicated corrosion whereas a 
colourless solution and an unchanged surface suggested inhibition. The 
formation of coloured precipitates suggested that corrosion followed by 
precipitation had occurred. These observations were recorded and are 
discussed in relation to the weight changes.
Results
These are given in Table h.h 
Discussion
In the table of results (h.h), a negative weight change represented a 
net dissolution or corrosion of the copper. A change in weight of 1 mg
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over a surface area of 7 x 10 m was not considered to be significant; 
because small errors of this order have been found to occur, due to . 
either the accidental removal of parts of the surface film during the 
drying prior to weighing, or due to retention of moisture on the surface 
prior to the commencement of the test.
The formation of an insoluble precipitate on the surface of the specimen 
resulted in a weight gain and this occurred when copper was immersed in 
plain solutions of Teepol, sodium hydroxide and sodium chloride. However, 
a small loss in weight occurred with the specimens in solutions of Teepol, 
sodium hydroxide and sodium sulphate containing benzotriazole. It is., 
probably not correct to suggest that the inhibitor increased the rate of 
corrosion of copper in these solutions, but rather that it produced no 
corrosion inhibition. In the second group of solutions, namely hydrogen 
peroxide, ferric chloride and ammonia, a marked increase in the rate of 
corrosion was produced by the addition of benzotriazole. The rate of 
corrosion of copper in ammonia solutions was irreproducible and in some 
experiments inhibition was observed. In the third group of solutions a 
marked decrease in the rate of corrosion occurred, moreover, in certain 
tests an inhibitor efficiency of over 90% was obtained.
The copper specimens immersed in the distilled water which Was used to make
up all the solutionsCpH about 5*1) did not lose weight,-stain or produce
a sufficient concentration of ions to colour the water, so it is reasonable
to assume that very little, if any, corrosion occurred. The presence of
benzotriazole in this water increased the weight gain of the specimen,
probably by the formation of a surface film. However, under different
5 1
conditions Wall and Davies . found that copper did corrode in distilled 
water and that benzotriazole acted as a good inhibitor with an efficiency
Of 92'-'-
Table k.k shows that complete protection of copper was obtained when benzo-
37
triazole was added to a solution of sodium chloride and a patent has been
taken out on its use to prevent the discolouration of copper in salt
53solutions. It was this system that Dugdale and Cotton studied with a
potentiostat and they showed that benzotriazole was an effective inhibitor.
In the Tide solution, benzotriazole prevented surface staining and gave a
corrosion inhibitor efficiency of 9€>% which is in good agreement with the
3 6figure of 9Wo quoted by Unilever for another detergent. The use of 
benzotriazole in detergents to prevent corrosion, tarnish or discolouration 
of metals and machinery has been reported elsewhere^6-38, ^7. por gjp 
the acids tested, benzotriazole had a good inhibitor efficiency (kO/o to
93%; which agrees well with other published data .
Conclusion
The addition of 0.12 g/l benzotriazole to solutions:
(1) reduced the rate of corrosion of copper in Tide, carbon dioxide, 
sulphur dioxide, sodium chloride, ammonium chloride, acetic, hydrochloric, 
nitric, phosphoric and sulphuric acid;
(2) increased the rate of corrosion of copper in hydrogen peroxide, ferric 
chloride and ammonia;
■(3)' had little or no effect on the • corrosion of copper in sodium hydroxide 
and sodium sulphate;
(4) prevented the formation of stains or coloured surface films on copper 
in Tide, carbon dioxide, sodium sulphate, sodium chloride, ammonium 
chloride;
(5) prevented the production of coloured ions when copper wTas immersed . 
in sulphur dioxide, sodium chloride, ammonium chloride and acetic, 
hydrochloric, nitric,phosphoric and sulphuric acid.
4.5 Effect of Concentration of Benzotriazole on Corrosion of Immersed 
Copper 
Introduction
In the last section 4.4, it was found that, for many solutions, the use of
0.12. g/l benzotriazole gave a reduction in the rate of corrosion of copper 
(from 40% to 93°/°)» In this section, the effect of higher concentrations,
1.e.. 0.5 g/l and 1.0 g/l benzotriazole, was investigated on the corrosion 
of copper immersed in the more aggressive solutions used in section 4.4., 
namely acetic, hydrochloric, nitric5 phosphoric and sulphuric acids and 
ammonia, ammonium chloride, ferric chloride and sulphur dioxide. As in 
section 4.4., the weight changes quoted were an average of four readings.
The use of a concentration of benzotriazole higher than 0.12 g/l has been
widely suggested in the literature as well as in patents. Thus in
27 23
"Incralac" the concentration was 1.5 wt %, in anti-freezes the range
was from 0.25 wt % up to as high as 80 wt % and in cleaning acids an
addition of 1% to 10% was used^.
Results
These are given in Table 4.5 
Discussion
These tests showed that the rate of inhibition normally increased v/ith 
the concentration of benzotriazole and reached a value of at least 90% 
with 1 g/l, in all the solutions tested except ammonia and ferric chloride.
0
Solution
Concentration 
of Benzo- 
triazole g/l
2
Weight Change mg/70 cm Inhibitor 
Efficiency % 
after 5 days1 day 2 days 5 days
Acetic acid 0 -17.2 -30.3 -94.3
.12 - -0.6 -1.1 -6.0 94
• 5 -1.2 -0.9 -1.3 98
1.0 -0.9 -0.7 -0.5 99
Ammonium chloride 0 -81.2 -144.5 -441.3
.12 -7.0 -25.2 -157.0 64
-1.2 -3.0 -6.6 . 98
1.0 +0.4 +0.4 +0.4 100
Hydrochloric acid 0 -234.1 -415.9 -307.2
.12 -50.7 -90.0 -183.9 65
-5.9 -15.3 .-34.0 93
■ 1.0 -2.5 -7.8 -20.3 96
Nitric acid 0 -39.5 -79.4 -242.6
.12 -2.9 -8.5 -94.0 61
• 5 -0.7 -2.1 -12.4 84
1.0 -1,5 -3.2 -7.0 97
Phosphoric acid 0 -51.7 -108.0 -294.3
.12 -8.A -34.8 -176.0 4o
.5 -3.7 -4.2 -7.3 98
1.0 -3*7 -4.6 -6.6 98
Sulphur dioxide 0 -60. 4 -103.2 -218.0
(saturated) .12 -2.8 -11.6 -4 7.7 78
.5 -0.1 -8.1 -57.2 74
1.0 +1.1 -2.4 -23.0 9°
Sulphuric acid 0 -38.4 -95.9 -258.0
.12 -6.6 -29.8 -94.0 64
-0.7 -7.3 -81.9 69
1.0 +0.4 -0.4 -9.3 97
Ammonia 3°/° 0 -112.0 -187.1 -339.7
.12 ! -126.1 -203.2 -384.4
.5 -100.7 -167.0 -296.8
1.0 -98.5' -178.3 -336.I
Ferric Chloride 0 -706.7 -687.8 -636.2
.12 -818.5 -777.3 -874.8
.5 -243.9 -268.4 -303.6
1.0 -148.9 -151.1 -159.8
O I'mConcentration ~  unless otherwise stated
Table 4.5
oj
However, in these two solutions, there appeared to be no correlation 
between a high concentration of inhibition and a.low rate of corrosion.
For several of the solutions a relatively low inhibitor efficiency was 
produced with an addition of 0.12 g/l#whereas a large improvement was 
achieved when the concentration was increased to 0.5 g/l? the best example 
of this being phosphoric acid for which the values were kC$> (0.12 g/l) and 
98# (0.5 g/l). It is, therefore, economically viable to use the higher 
concentrations of inhibitor in these solutions, and this is also indicated 
in the literature quoted above.
Conclusion
It may be concluded that for immersed copper:
(1) the inhibitor efficiency of benzotriazole increased with the 
concentration used up to 90% or more with 1 g/l for solutions of 
ammonium chloride, sulphur dioxide, acetic, hydrochloric, nitric, 
phosphoric and sulphuric acids;
(2) benzotriazole was not a reliable inhibitor for ammonia and ferric 
chloride solution.
4.6 Effect of Benzotriazole on Corrosion of Copper in Solutions of 
Sulphuric Acid with Different pH 
Introduction .
This experiment was designed to investigate the effect of 0.12 g/l benzo­
triazole as a corrosion inhibitor for copper immersed in various concentra­
tions of aerated,sulphuric acid with different initial pH, The solutions 
were produced by diluting concentrated sulphuric acid with distilled water 
until the desired initial acidity was obtained?as described in the 
experimental section 2.2.4. •
Results
Initial
pH
2
Weight.Change mg/70 cm
--------
Inhibitor 
■ Efficiency 
%1 day 2 days 5 days
No BTA* With BTA'* No BTA* With BTA* No BTA* With BTA* 1
iJ. l / C i  
2 5 days
-1 -82.0 -63.O -284.0 -218.3 -994.1 -606.9 23 23 36
0 -21.1 -9.1 -79.5 -18.8 -572.2 -67.6 57 76 88
1.0 -21.0 +1.5 . -42.2 +1.8 -149.1 -2.4 100 100 98
1.91 -20.0 +1.2 -38.7 +1.9 -62.0 +1.0 100 100 100 .
3 -2.8 +0.3 -1.5 +0.7 +3.3 +0.6 100 100 **
3.9 +0.3 +0.9 +1.2 +0.8 +2.8 +0.8 
. _ _______________
** * % **
*BTA = 0.12 g/l Benzotriazole **No weight loss in either test
Table 4.6
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Discussion - ’ '
The results are shown in Table k,6 and are also plotted in graph, Fig.
The first observation to be made from both sets of experimental tests is 
the decrease in the rate of corrosion of copper immersed in the different 
solutions of aerated sulphuric acid, as the pH increased.'
In the most acidic sulphuric acid solution (pH = -1), the benzotriazole 
behaved as a poor inhibitor with a low inhibitor efficiency. However, in 
the solution with pH = 0, the inhibitor was much better and the efficiency 
increased with immersion time during the experiment. These improvements 
with immersion time could be-the result of a decrease in the acidity (i.e. 
increase in the pH),and corrosiveness' of the solution during the experiment, 
(which will be investigated in section A.8), or due to the formation of a 
protective surface film by the copper ions produced in the early part of 
the test. However, with the solution pH = 1.0 a small weight gain was 
observed after both one and two days but this changed,.after D days, to 
a small weight loss. These figures indicate that the solution became more 
corrosive with immersion time, but this may not be significant, because 
the weight changes were very small and, therefore, subject to a relatively 
large experimental error. ‘
Benzotriazole produced a gain in weight for the copper specimens in a 
sulphuric acid solution of pH = 1»91 after one, two and five days and 
this represents an inhibitor efficiency of 100^. A similar gain in weight 
was recorded for the specimens in solutions with a higher pH containing 
the inhibitor. The copper specimens in the plain solution of pH = 3 showed 
a weight loss after one and two days-followed by an increase after five 
days, so the causes suggested above, namely, an increase in the pH-, or film 
formation, may apply. If the plain copper shows an increase in weight 
during the test the term inhibitor efficiency which is related to weight 
losses is not applicable.
Conclusion
From the results obtained it may be concluded that:
(1) the rate of corrosion of copper immersed in a plain aerated solution 
of sulphuric acid decreased as the pH increased;
(2) the relative efficiency of benzotriazole as a corrosion inhibitor 
for copper in different solutions of sulphuric acid increased as 
the pH rose.
4.7 ' A Comparison of the Corrosion of Treated and UntreatedtImmersed 
Copper Surfaces 
Introduction
21In his literature survey, Cotton stated that copper surfaces which had 
been directly treated by aqueous solutions of benzotriazole resisted 
corrosion much better than the untreated surfaces. In this set of 
experiments the copper specimens used were pretreated by being dipped 
into a hot aqueous solution-of benzotriazole at 60°C for about five 
minutes, air dried, and then weighed. The rates of corrosion of these 
dipped specimens, which were immersed in plain solutions,were compared with 
those of the untreated specimens in the plain solutions, and also in 
solutions containing 0.12 g/l benzotriazole (obtained from section 4.4).
Results .
Solution0
Weight Change in 25 days mg/70 cm (Inhibitor
Efficiency %)
Plain Copper Pretreated Copper
Plain Solution Solution with 
Benzotriazole
Plain Solution
Distilled Water +0.5 ; +2.4 •-9.4* •
Ammonia 3% -339*7 -384.4* -52.9(85%}
Carbon dioxide 
(saturated) -10.2 -0.4(96%) -9.2(10%)
Sulphur dioxide 
(saturated) -218.0 .-47.7(73#) -39.2(82%)
Ammonium chloride -441.3 -157.0(64%) -6,1(99%)
Ferric chloride -656.2 -874.8* -391.2(41%)
Sodium chloride -4.5 +0.9(100%) -11.8*
Acetic acid -94.8 -6.0(94%) -21.5(77%)
Hydrochloric acid -507.2 -183.9(64%) -477.8(6%)
Nitric acid -24-2.6 -94.0(61%) -102.4(58%)
Phosphoric acid -294.3 -176.0(40%) -159.6(46%)
Sulphuric acid -258.0 -94.0(63%) -129.9(50%)
o NConcentration ~  unless otherwise stated
*Pretreatment or Benzotriazole appears to increase the rate of corrosion
Table 4.?
Discussion
In both the distilled water and the sodium chloride solution, the
dipped copper specimens corroded at a faster rale than the plain copper.
This is an unexpected result that could be due to the formation of an 
incomplete film and the subsequent corrosion resulting from the production 
of local active-passive cells.
In most of the other tests the dipped copper corroded less than the untreated 
copper in the plain solution, -but more than the untreated copper in the 
solution containing 0.12 g/l benzotriazole. However, the dipping process 
gave better protection than the addition of benzotriazole to the solution 
in sulphur dioxide, phosphoric acid and ammonium chloride solution.
Compared with the untreated copper, the dipped specimens showed a signifi­
cantly reduced rate of corrosion in ammonia and ferric chloride solutions, 
while the addition of 0.12 g/l benzotriazole actually increased the corrosion.
Conclusion :
From the results obtained it follows that the dipping of copper specimens 
prior to testing:
(1) increased the rate of corrosion in distilled water and sodium 
chloride solution;
(2) decreased the rate of corrosion in solutions of carbon dioxide, 
acetic, hydrochloric, nitric and sulphuric acids, but not to the 
same extent as an addition of 0.12 g/l benzotriazole;
(3) reduced the rate of corrosion in solutions of sulphur dioxide, 
ammonium chloride and phosphoric acid^to a greater extent than the 
addition of 0.12 g/l benzotriazole;
(4) reduced the rate of corrosion in ammonia and ferric chloride 
solutions, whereas the use of 0.12 g/l benzotriazole increased the 
corrosion.
4.8 Effect of Benzotriazole on the Change in pH during Corrosion of Copper 
Introduction
During the reaction between an acid and a metal, the pH of the acid may 
change and this can affect the efficiency of an inhibitor. In this section 
a wide range of solutions was studied in order to ascertain whether the 
presence of benzotriazole had any effect on the change in the pH during 
the corrosion of copper. Each solution was made with distilled water and 
then divided into two portions, one was used without modification and 
0.12 g/l benzotriazole was added to the other. The pH was measured with 
an E.I.L. pH meter (Model No. 38B) before the test and after five days 
of corrosion.
Before each set of measurements, the pH meter was checked with the
appropriate acidic or alkaline buffer solution and the readings for the 
solutions'were taken to the nearest decimal place. ,
Results
pH of £Solution
Solution0,
No Benzotriazole With Benzotriazole 0.12g/l
Before
Corrosion
After
Corrosion Change
Before
Corrosion
After
Corrosion Change
Distilled Water 4,8 6.6 + 1.8 4.8 6.4 + 1.6
Tide 5 g/l 10.0 9.4 - 0.6 9.7 9.1 - 0.6
Teepol Jfo 6.1 7.2 + 1.1 '6.1 6.9 + 0.8
Ammonia y/o 10.9 10. 4 - 0.3 10.7 10.3 - 0.2
Carbon dioxide 
(saturated) 3*7
■ 6.1 + 2.4 3.7 3.9 + 0.2
Hydrogen peroxide y/o 3.6 8.1 + 4.3 3.6 7.4 + 3*8
Sulphur dioxide 
(saturated) 1.3 3-2 + 1.7 1.3 ■ 2.3
+ 1.0
Ferrnc chloride 1.6 3.7 + 2.1 1.6 3.7 + 2.1
Sodium hydroxide 12.3 12.6 + 0.3 12.4 12.3 + 0.1
Sodium sulphate 3.6 6.3 + 0.7 3.3 3.9 + 0.4
Phosphoric acid 1.8 3.2 + 1.4 1.8 2.3 + 0.7
Sulphuric acid 1.4 1.1 - 0.3 1.3 1.0 - 0.3
O JMConcentration ~  unless otherwise stated
Table if. 8'
Discussion
Prom the table if.8 it can be seen that the addition of- the benzotriazole 
had virtually no effect on the initial pH, except for the solutions of 
ammonia (-0.2 pH units) and Tide (-0.3 pH units) which became more acidic, 
c f. section 4.3*
For most of the solutions without benzotriazole, the pH rose during the 
experiment with a maximum increase of if.3 for hydrogen peroxide $ in only 
three solutions, ammonia, Tide and sulphuric acid, did the pH fall slightly. 
In the solutions containing benzotriazole the change was in the same 
direction as in the plain solutions but it was smaller, or the same, in 
every case.
The most probable causes for the increase in the pH during the corrosion 
of the copper are the reactions which occur at the cathode, namely:
2H+ + 2e H2 . . , (1)
^2° + °2 + ^  4(0H)~ ■ , . (2) ’
In equation (l) the hydrogen ions are consumed to produce hydrogen gas and,
therefore, the concentration of hydrogen ions in the solution decreases
and the pH increases because:
pH = —lo g^  q a^j + .
where aTX+= activity of the hydrogen ions, which is related to their ii
concentration. In equation (2) hydroxyl ions are produced which increase 
both the alkalinity and the pH of the solution. Thus, with both these 
cathodic reactions, the p’H of the solution is increased.
Conclusion
It may be concluded that:
(1) during the corrosion of copper the pH increased in all the solutions 
tested (except ammonia, Tide and sulphuric acid);
(2) the presence of benzotriazole reduced the change in the pH in all 
the solutions (except ferric chloride, sulphuric acid and Tide, in 
which it produced no change), i.e. it acted as a.buffer.
4,9 Effect of Benzotriazole on Corrosion of Immersed Brass 
Introduction
The rate of corrosion of brass (7CP/> copper, /0/o zinc) was determined in
various solutions both without and with an addition of 0.12 g/l benzotriazole
The experimental details were similar to those in 4.4.; the specimens,
-3 27 x 10 m in area, were immersed in magnetically stirred solutions and 
weighed after 1, 2 and 3 days. The inhibitor efficiency of the benzotriazole 
w.as calculated after an immersion period of five days. The solutions used 
were the same as those in which benzotriazole was found previously (4.4) 
to be a satisfactory inhibitor for copper.
Results
These are given in Table 4.9.
Discussion
Brass, unlike copper which is a more noble metal, has been found to. corrode 
when immersed in distilled water. The corrosion was completely inhibited 
by the addition of 0.12 g/l benzotriazole to the water. A significant 
decrease of 98% was recorded in the corrosion rate of brass in a Tide
solution when benzotriazole was used and this agrees with other published
23 .data . The corrosion inhibition in sodium chloride solution observed m
40-43this work has previously been recorded .
2Weight change mg/70 cm Inhibit 
■Effici­
ency % 
"after 5 
days
Solution0 1 day 2 days 5 days
No BTA* With BTA* No BTA* With BTA* No BTA* With BTAS
Distilled Water -0.3 +0.2 -0.4 +1.0 -2.1 +0.6 100
Tide 5 g/l -6.9 0 -7.8 +0.4 -13.7 -0.2 . 98
Carbon dioxide 
(saturated) -2.4 +0.4 -2.6 +0.1 -4.7** -0.4** 91
Sulphur dioxide 
(saturated) -34.? +6.8 -74.6 £3.8 -9 7>5** -61.6 37
Ammonium chloride -84.8 -0.4 -i4o .5 -0.3 -274.0** -0.2 99
Sodium chloride -1.2 +0.2 -1.5 +0.2 -4.9** -0.5 90
Acetic acid -40.5 +0.2 -76.4 +0.3 -204.4 -0.5 99
Nitric acid -85.6 -12.7 -444.0 -25.0 -4o6.4' -37.3 91
Phosphoric acid -64.6 -0.9 -130.4 -4.2 -282.2 -48.8 83
Sulphuric acid -54.6 -11.4 -88.5 -19.5 -237.6 -33.2 86
Hydrochloric acid Irreprc ducible results.
o rJ
Concentration ~  unless otherwise stated
* BTA = 0.12 g/l Benzotriazole
** Dezincification observed on surface of specimen after 5 days immersion.
Table 4.9
The addition of 0.12 g/l benzotriazole to all the solutions, except 
hydrochloric acid, produced a marked decrease in the rate of corrosion 
of the immersed brass. With three solutions, sulphur dioxide, sodium 
chloride and ammonium chloride, dezincification, i.e. preferential corrosion 
of the zinc rich areas, occurred whereas with the inhibitor present this 
selective attack was not observed. This prevention of dezincification of 
brass has been reported elsewhere for hydrochloric acid and sodium chloride 
solution^.
The experiment with the brass immersed in the hydrochloric acid was repeated
but irreproducible results were obtained on each occasion for both the
solutions without and with the benzotriazole; the results indicated that
the inhibitor actually increased the rate of corrosion. However, the use
of a higher concentration of 1 % benzotriazole in a 0.5 N solution of
23hydrochloric acid has been previously reported to give an inhibitor 
efficiency of 85%•
Conclusion
From the results above it appears that:
(1) benzotriazole is an effective corrosion inhibitor, with an efficiency
greater than 8C$, for all the solutions tested except sulphur dioxide
(37%) and hydrochloric acid, in which the rate of corrosion was • 
increased;
(2) the presence of benzotriazole prevented dezincification of brass in
solutions of sulphur dioxide, sodium chloride and ammonium chloride*
if.10 Corrosion Inhibition of Copper in Solutions containing Triazole, 
Benzotriazole or Naphthotriazole - 
Introduction
In this section, the inhibitive properties of benzotriazole were compared 
with those of triazole and naphthotriazole for copper immersed in solutions 
of ammonium chloride and several•acids. These solutions wer'e chosen because 
they were found previously (Section *f.*f) to be corrosive to copper. The 
specimens we re immersed for five days in the solutions and then the weight 
losses were determined and the efficiency of the corrosionlinhibitor 
calculated.
Results
Solution 
Strength ~"
2
Weight loss in 5 days mg/70 cm (inhibitor Efficiency %)
No addition
M
Benzotriazole
M
1000
M
'•^qqq Naphthotriazol
Ammonium
chloride
Nitric acid
Phosphoric
acid
Sulphuric acic
291.0
187.^
I83.O
1^7.7 
... ........
13-7*(95?0 
33.1*(70%) 
91.0*(3Cf/o) 
37.2*(7W
33.1(8950 
137.5(27^) 
155. W l S O
1^7.0(0.350
105.1(6*$)
59.6(68^)
2.7*(99^)
l6.3*(89^)
*Inhibitor prevented formation of coloured ions
Table *f.lO
Discussion
The rates of corrosion of the copper in both the plain solution and that 
containing benzotriazole are lower than the corresponding values after five 
days immersion,in a previous test Of.4). In the earlier work, the specimens 
were removed from the solution, washed, dried and weighed after one and also 
two days immersion. This washing of the copper may have removed surface 
films, and, therefore, increased the rate of corrosion. In the present 
test, the specimens remained in the solution for five days, so that any
surface films which formed would have caused the maximum amount of 
polarization of the anodic and/or cathodic reactions, resulting in'the 
lower rate of^  corrosion.
The concentration of each inhibitor was fixed as 0.001 M, so that the
number of molecules present in each solution would be constant. Triazole
was found to be satisfactory only for ammonium chloride, whereas both
benzotriazole and naphthotriazole were effective in all four solutions. It
36 37 h-3has been reported elsewhere 5 that benzotriazole and naphthotriazole 
rhave similar inhibit!ve effects.
Conclusion
Triazole was a.poor inhibitor (except for ammonium chloride solution), 
whereas both benzotriazole and naphthotriazole were satisfactory in all the 
solutions tested.
-^.11 Stain Resistance of Copper in Tap Water Containing Various Triazoles 
Introduction •
In the literature survey (section 1.1.3) it was suggested that the addition 
of a small quantity of benzotriazole to water prevented the formation of a 
surface tarnish. This section was designed to investigate the stain resis­
tance produced by the use of a fixed concentration of benzotriazole, as 
compared with triazole and naphthotriazole. The experiment was performed 
with four copper specimens immersed in each solution.
Results
Environment Immersion Time before Staining
Tap Water 
11 11 + 0.001M Triazole 
" n " Benzotriazole 
M ” M Naphthotriazole
2 to k days
10 to 12 days -
Did not stain in 21 days
it tt it tt it
Table 4-.11
Discussion
The copper was degreased and given a quick pickle in dilute nitric acid to 
produce a bright surface which was then subjected to corrosion. In the 
plain water the surface tarnished in two to four days to the same extent 
as it did in eleven days in water containing triazole. None of the specimens 
in water containing benzotriazole or naphthotriazole stained after a period 
of twenty one days, and the surfaces we re only slightly duller than at the 
beginning of the experiment.
Conclusion
Copper immersed in tap water stained in two to four days, 0.001M triazole 
in the water increased the time before staining to an average of eleven days 
whereas a similar concentration of benzotriazole and naphthotriazole 
prevented staining for a period of at least twenty one days.
b*12 Atmospheric Stain Resistance of Copper Dipped in various Triazole 
Solutions 
Introduction
In this experiment a comparison was made of the stain resistances, produced 
by the dipping of copper for a period of five minutes in hot, saturated, 
aqueous solutions of benzotriazole, triazole and naphthotriazole. The 
environments used for testing were tap water and atmospheres of salt spray, 
warm moist air and moist sulphur dioxide. All the tests, except the tap 
water, were conducted over a period of forty two days and the appearance 
and weight change were then recorded. For immersion in tap water, the 
period before staining occurred was noted.
Results
Environment Plain
Copper
Copper 
dipped in 
Triazole
Copper 
dipped in 
Benzotriazole
Copper 
dipped in 
Naphthotriazole
Tap Water. Stained Stained No staining .No staining
in 2 days in 10 days 21 days 21 days
Salt Spray b2 days Badly Badly Partially Partially
stained stained stained stained
Weight gain* 9*30 12.3^ 6.72 3.9^
Humidity If 2 days Badly Badly - Partially Not
stained stained stained • staine d
Weight change* +11.A3 +7.^7- +1.52. -1.39
Sulphur Dioxide b2 days Brown Brown Orange Orange
coating coating coating coating
Weight gain* lb. 6k 17.76 13.93 l^ f.23
—3 2*Weight change in mg/7 x 10 m
Table k.12
Discussion
For copper immersed in tap water, the results were similar to those 
obtained by the addition of these inhibitors to water (see Section A-.ll). 
The period before staining was found to increase from two days, with no 
treatment, to ten days, with the prior dipping in a hot triazole solution. 
However, this was not nearly as good as the treatment with benzotriazole 
or naphthotriazole, which prevented staining for at least twenty one days.
In the other environments, dipping in a triazole solution was not very 
effective in improving either the surface appearance or the weight change. 
Specimens treated-with benzotriazole or naphthotriazole showed an increased 
resistance to surface staining and a reduced weight gain in every case, 
except for the naphthotriazole specimen when tested in the humid atmosphere, 
where it appears that/soluble product was produced and a decrease in'Weight 
was found. .' . -
Conclusion
From these tests with the dipped copper specimens, it may be concluded 
that the benzotriazole gave slightly better inhibition than naphthotriazole, 
which was in turn proved to be much better than triazole.
Jf.13 Effect of Benzotriazole on the Corrosion of Immersed Corrper and the 
Subsequent Pitting of Aluminium 
Introduction'
In the literature survey (section I.I.5) some of the detrimental effects of
copper ions in water were described. One example that is particularly
important in the field of corrosion is the local pitting produced on aluminium.
surfaces by waters containing dissolved copper ions. If the attack on
copper surfaces can be reduced, then the subsequent life of aluminium in 
the
contact witt/water can be increased, because the extent of the pitting depends 
upon the. concentration of the copper ions. The experiment was carried out 
in the manner described in section 2.2.
Results
Copper Water Time for Aluminium 
Foil to Pit, hours
Plain Copper Tap Water 1.25, IV l-5» 0.75
tt tt Tap Water + Benzotriazole A2, 8*t
Dipped Copper Tap Water • 3*f0, 'hko
Plain Copper Distilled Water 115, 510
Plain.Copper Distilled Water + Benzotri­
azole (0.12g/l)
Did not pit in *f80, 500
Dipped Copper Distilled Water tt tt
Plain Copper Deionized Water it tt
Plain Copper Deionized Water + Benzotriazole
(0.12g/l)
tt tt
Dipped Copper Deionized Water tt tt
Table k.l?
Discussion
Aluminium foil was used in this experiment, so that even slight corrosion 
of the aluminium would result in perforation. Thus, a comparison of the 
times to pit the aluminium in a particular water gave an indication of the 
concentration of the copper ions in that solution, and also the degree of 
inhibition produced by the benzotriazole on the copper surface.
In tap water, the foil pitted very quickly and the time varied from 0.75 to
1.5 hours in four separate tests. The addition of benzotriazole to this 
water increased the time to pit to 4-2 hours, and in another test to 84- hours 
an increase of at least 30-fold, whereas dipping the copper prior to the 
test produced an even better result and gave protection for J>kO and 4-4-0 
hours. In distilled water, the foil pitted in 115 hours and in another 
test 310 hours, while the addition of benzotriazole or the dipping of the 
copper prior to the test prevented perforation for at least 4-80 hours. No 
perforation occurred in any of the experiments with deionized water during 
the 4-80 hour test, which suggests that these waters are not corrosive to 
copper.
These experiments show that the protection produced by dipping the copper in 
a benzotriazole solution was more effective than adding benzotriazole to 
the tap water. In both distilled water and deionized water, the use of 
benzotriazole has been patented to prevent the galvanic corrosion of
1*9
different metallic couples, copper-aluminium, copper-zinc and copper-steel
Conclusion \
It may be concluded that: • *
(1) the tap water was more corrosive than the distilled water, which 
was more corrosive than the deionized water;
(2) in tap water the addition of benzotriazole gave good protection, but 
the dipping of the copper in a hot solution of benzotriazole prior 
to testing gave much better protection;
(3) in distilled water the addition of benzotriazole or the dipping of 
the copper gave excellent protection;
w  no pitting occurred in any of the tests using the deionized-water.
4-.14- High Temperature Oxidation Resistance of Copper Treated with
Benzotriazole 
Introduction .
In the preliminary results (section 3*3), it was shown that at 300°Q the 
oxidation resistance of copper dipped in a benzotriazole solution was much
higher than .that of an untreated specimen. In chis present section the
effect of temperature on the rates of oxidation is determined for both the
2untreated and dipped samples, with a total surface area of 90 cm . The 
experimental procedure, using a Stanton Thermobalance, was that found to 
give reproducible results and described in the preliminary work (section 3*3)? 
with the exception that the time period in these experiments was A00 minutes.
Results '
Temperature °0 Weight Gain mg in A00 mins.
Plain Copper Dipped Copper
200 1.0 1.0
230 h.5 1.0
273 1.0
290 6.0 1.0
323 10.6 k.l
330 12.8 7.b
373 23.2 33.2
67.3 52.^
Table *f.l*f
Discussion
From the abbve results it.can be seen that the dipping of copper into a 
benzotriazole solution reduced the v/eight gain, i.e. the rate of oxidation, 
to a considerable extent. * At 200°C both samples showed only a small weight 
gain (l mg) which is of the same order as the experimental error, so that 
it is difficult to decide what effect the benzotriazole treatment produced. 
Because of this low weight change, no experiment was performed at 
temperatures below 200°C, where an even smaller rate of oxidation would be 
expected.
The difference in the v/eight change between the untreated and dipped 
specimens does not appear to be directly proportional to the temperature 
of oxidation. This may be due to the fact that the weight change of the 
dipped specimens is controlled by two different factors, which have a 
similar effect on the weight. The presence of the protective surface layer 
is known to reduce the rate of oxidation or tarnishing at room temperature , 
and probably has a similar effect at elevated temperatures. At higher 
temperatures, this surface film, may decompose to powdered soot and this
Weight
gain
“ 6/9x10-
70. r x— x Plain Copper 
o— o Dipped Copper
 — o "  o
400300200
Temperature °C
FIG. 4.14. OXIDATION RESISTANCE O F  C O P P E R  A T  HIGH 
TEMPE R A T U R E S .
would give, a small reduction in the weight of the specimen. A sooty film 
was observed on the dipped copper specimen after it had been oxidized at 
hOO°G for about seven hours^whereas at lower temperatures coloured films 
were formed on the surface.
One possible source of error is that-* if a non-adherent film is produced 
on the surface of the copper, it may break off and result in a misleading 
reading. To prevent this, the chart which automatically showed the weight 
change was carefully examined for small irregular weight losses, which 
would indicate that flakes of the oxide had dropped off. However, for the 
above results no such change • was observed, so this cause of error can 
be ignored. .
Conclusion
The prior dipping of copper in the benzotriazole solution gave a significant 
reduction in the rate of oxidation over the temperature range of 200°C up 
to about 35>0°G. •
5. PHYSICAL EXAMINATION OP THE NUCLEATION, SURFACE AND STRUCTURE OF
COPPER ELECTRODEPOSITS
5.1. Introduction
This chapter covers the physical examination of the nucleation and surface 
topography of electrodeposits from the plain acid copper sulphate hath, 
both without and with an addition of benzotriazole, which acts as a bright­
ening agent under these conditions. The cross-sectional structures of the 
coatings plated from these solutions are also studied. An investigation 
has been made into the effect of variations in the solution temperature, 
current density and electrolyte agitation on the surface appearance and the' 
structure of the deposits.
5.2. Nucleation of Copper Electrodeposits 
Introduction
This section examines the early stages of the growth of deposits from both 
the plain bath and also the one containing benzotriazole. It has 
previously been observed, in this work (section 3*6.3.), that the surfaces 
of coatings from both these solutions were very different and, therefore, 
it was decided to examine these surfaces in greater detail.
The usual, standard plating solution was used (125 g/l copper sulphate and 
h9 g/l sulphuric acid) and to one bath an addition of 0.119 g/l benzo­
triazole was made. It is -known -^-*-5 6^3 .^jiat the rate of deposition plays 
an important role in the distribution of the growing crystals and has an 
effect on the shape of the. nuclei and in this work the usual current 
density, 215 A/m2, was used. With this current density, suitable deposits 
were formed in a plating time of about twenty seconds. • Before plating, 
the copper cathodes were degreased in acetone and given a quick pickle in 
50% nitric acid; after deposition they were washed in water and dried in 
air, to prevent staining and/or the formation of a surface layer of copper 
sulphate.
Photographs of the deposits were taken on the Stereoscan at magnifications 
of about x 60, x 200 and x 1,300, the exact values given on the instrument 
were recorded. The intermediate magnification was used for both types of 
deposit, to illustrate the difference in the shape of a single growth 
centre on an area of the.cathode with only a few nuclei. The cross- 
sectional structure of a nodular growth from the solution containing
benzotriazole was examined on the Stereoscan and the Zeiss microscope. 
Results
The results consist of a series of photographs showing the nucleation 
of copper, deposits. These are subdivided into those from the plain bath 
{Fig. 5*2.(a), (c) and (e) } at magnifications of x 68, x 330 and x 1,375s
and those from the solution containing 0.119 g/l benzotriazole
{Fig. 5*2.(b), (d) and (f). } at magnifications of x 62, x 130 and x 1,300.
Fig. 5*2.(g)'shows the etched cross-section of a deposit from the benzo­
triazole bath.
Discussion
The crystals plated from the plain bath {Fig. 5*2. (a), (c) and (e) } 
were regular in size, with flat faces and straight edges. This suggests 
that crystallographically they were single crystals, since they appeared 
to be the same in shape as those which form when copper sulphate solution 
evaporates. In the photographs shown, there was no indication of nuclei 
forming on the faces of the growing crystals, even when viewed at the 
highest magnification of about x 10,000 (not shown).
The appearance of the deposit from the solution containing benzotriazole 
was very different. At a low magnification of x 62 {Fig. 5*2.(b) } the 
growing form was hemispherical with a few larger reniform or 'cauliflower 
shaped' deposits- at a higher magnification, of x 130 {Fig. 5*2.(d) } , 
the deposit appeared to consist of several similar sections that in turn 
could be subdivided into oval shaped segments. These nodules or segments 
grew out radially until they terminated at intersections, which showed 
as grain-boundaries when a cross-section of this deposit was examined 
{Fig. 5.2.(f). } At higher magnifications of :x 1,300, each of these 
oval shaped parts appeared to be construe bed of parallel flat plate­
like or rod sections, which produced a relatively rough surface on each 
dome.
The fact that the early stages of growth were very different when benzo­
triazole was used, may explain the contrast which occurred in the surface 
appearance of much thicker coatings. This in turn may account for the 
widely deviating physical and chemical properties of deposits from the 
two different plating baths.
Conclusion
The addition of benzotriazole to the plating solution had a very- marked 
effect on the early stages of growth of the deposit. The crystals plated
(c) x 330 (d) x 130
(e) x 1375 (f) x 1300
Plain bath Bath with 0*119g/l Benzotriazole
FIG. 5. 2. NUCLEATION OF COPPER DEPOSITS
Fig. 5.2 (g) C ross-section of a Copper Deposit Nodule from Bath 
containing Benzotriazole
(1) Stereoscan photograph x 236
(2) Zeiss photograph x 120
from the plain bath were regular in size and flat faced with straight 
edges, but those from the bath containing benzotriazole were hemisperical 
and reniform.
5*3. The Effect of Bath Temperature and Current Density on the Surface 
Topography of Conner Deposits from the Plain Bath.
Introduction
The effects produced by varying the bath temperature and current density 
were studied together. . In this experiment, a current density of 215 A/m2 
was passed for three hours through five cells connected in series and 
maintained at constant temperatures of 0, 23, 0^, 60 and 80°C. The 
plating baths were covered with clock glasses to minimize evaporation, 
so maintaining a constant composition of solution. The experiment was 
then repeated, using the appropriate plating times to give the same final 
thickness of deposit for current densities of 555 110, 215> ^30 and 650 A/m2.
One litre of the standard solution (125 g/l copper sulphate and k?/ g/l 
sulphuric acid) was used in each cell, which was magnetically stirred to 
reduce any temperature gradients and polarization effects. Because the
same specimens were to be used for microhardness determination, a copper
-3 . . .cathode of 2 x 10 m thickness was used m  each case, to provide a firm
base.for the deposits. The electrodes were cleaned in the normal manner
. , -3 9and lacquered to give an exposed surface area of h x 10 mf.
Immediately afber plating, the specimens were carefully washed and dried 
to prevent staining. They were then photographed at a magnification of 
x 320 using a Zeiss microscope. '
Results •-
The results are presented as a series of twenty-five photographs, Tig. 5*3^ 
which illustrate the effect on the surface topography of the use of different 
bath temperatures and current densities to form electrodeposits. The two 
photographs taken on the Stereoscan Fig. 5*3.(a), show a powdery deposit.
Discussion
The photographs in Fig. 5*3. illustrate the effect on the surface topo­
graphy of either a change in the bath temperature at a fixed current 
density (rows) or a variation in the current density at a certain bath 
temperature (columns).
As the bath temperature was increased, the deposit surface became coarser
MAG x 320
Fig. 5. 3. EFFECT OF TEMPERATURE AND CURRENT DENSITY
ON THE SURFACE TOPOGRAPHY OF COPPER DEPOSITS.
x 1,150
Fig. 5. 3(a) Appearance of a Powdery Copper Deposit
at all current densities and this type of appearance has been classified
. 125as "shiny and crystalline" by Weil and Read . However, at lower
temperatures a much finer crystalline surface was produced, which
presumably grew from a large number of nuclei of a similar size. The
larger crystals formed in the warmer solutions resulted from a smaller
number of nuclei on which growth occurred, resulting in larger grains.
When deposition occurred under the combined effect of a low bath
temperature and a high current density, some hydrogen evolution was
observed and slightly powdery coatings were formed. These powdery or
"burned" deposits are undesirable and are produced when the current density
exceeds a certain maximum or limiting value, which depends upon the plating
bath and the temperature; these deposits,shown in Fig. 5*3*(a), will be
discussed later.
Conclusion
The formation’of a coarsely grained deposit was favoured by the use of a 
high electrolyte temperature and a low current density. Finely grained 
coatings were produced by low temperatures and high current densities.
5.4. Effect of Solution Agitation on the Surface Microstructure of 
Copper Deposits
Introduction •
According to the literature survey (section 1. 3. 6. ), agitation of the 
plating bath has a significant effect on the surface of the resulting 
deposited metal. In this section, the effect on the surface, of the 
deposits produced by ultrasonic agitation was compared with those produced 
by magnetic stirring and also those from a still solution.
The copper deposits were plated from the standard bath at l8°C with a 
current density of 215 A/m2 for 15 minutes on to degreased and pickled 
copper cathodes. The surfaces were examined under a microscope and a 
typical area selected, from which a one centimeter square was cut for 
examination on the Stereoscan. A smaller cathode would not have required 
cutting, but had the disadvantage that much more metal would be deposited 
at the edges of the electrode than in the centre, and the sample would 
not be typical of a large plated area. This edge effect sometimes 
presents a real problem in the plating industry and subsidiary electrodes 
or ‘robbers’ are used to obtain a uniform coating. The copper deposits 
were examined at .magnifications of about x 20 and x 100, the. actual values
being given by the side of the photographs. The Stereoscan was used 
to obtain a greater depth of field than can be obtained with a microscope, 
and gave a three-dimensional view showing the roughness of the plated 
area.
The experiment was repeated using a still solution of the same composition 
as above at l8°C, but with a much lower plating current (about 20A/m2) for 
2 hours. The specimens were photographed at magnifications of x 18, 
x 98, and x 495 and compared with the previous deposits from the still 
bath, to determine the effect of the current density on the microstructure 
of the deposits.
Photographs are also shown of the deposits produced under different plating 
conditions in an earlier experiment on the effect of solution agitation. 
These specimens were used for microhardness measurements and the copper was 
plated at 23°C with a current density of 430A/m2 for three hours. These 
. photographs clearly illustrate the effect of solution agitation and were 
taken at a magnification of x 320 on a Zeiss microscope. . ‘
Results
These are shown as three pairs of photographs Fig. 5*4. (a) and illustrate 
the effect of solution agitation on the surface of copper deposits from a 
still,- a stirred and an ultrasonically agitated bath at magnifications of 
about x 20 and x 100. These coatings were plated at l8°C and a current 
density of about 215A/m2, whereas those in Fig. 5*4. (b) were at a value 
of about 20A/m2. The third set, Fig. 5*4. (c), were produced at a slightly 
higher temperature, 23°C, and a much higher current density of 430A/m2 and 
were taken on a Zeiss microscope, which unfortunately does not give the 
same surface detail as the Stereoscan. . .
Discussion
It can be seen from the photographs of the surfaces shown in Fig. 5.4. (a) 
and (c) that there was not very much difference in roughness between the 
deposits produced from the still and the stirred solutions. However,> 
ultrasonic agitation modified the surface appearance which was much more 
uniform as well as being smoother. Although it cannot be seen from the 
photographs,, the deposit from the ultrasonically agitated bath was 
brighter than either of the others and this brightness was probably 
associated with the increased smoothness.
S T IL L ,
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Fi(;. 5. 4 .(a) EFFECT OF SOLUTION AGITATION ON SURFACE 
APPEARANCE OF COPPER DEPOSITS.
FIG. 5. 4 .(b). EFFECT OF A LOW
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F I G :  5 . 4  ( c )  E F F E C T  O F  S O L U T I O N  A G I T A T I O N  O N  
S U R F A C E  A P P E A R A N C E  O F  C O P P E R  D E P O S I T S .
The deposits from the static'hath, with a low current density.
Fig. (i>) showed a very regular appearance. At the low magnification
of x 18, .the surface appeared to he very smooth and the evenness is 
visible in the photograph at magnification x 98. The last photograph 
(x ^95) shows the sharp clean, crystallographic facets of the surface, 
which appear to he almost parallel to each other. The reason for these 
regular shapes was probably that ah a low rate of deposition the nuclea- 
tion occurred slowly and the growth was more perfect than for higher 
deposition rates, because.the depositing ions had longer to move over the 
cathode surface to the growth site, before joining the lattice and 
continuing the grain growth.
Conclusion
There was not much difference between the surface smoothness-of deposits 
from a static and a magnetically stirred bath. Ultrasonic vibration of 
the bath under the same conditions gave a much smoother and brighter 
surface. . The effect of a much lower current density was to produce a 
very uniform deposit consisting of regularly shaped surface crystals.
5.5* Effect of Solution Agitation on the Appearance and Uniformity 
of Deposits. .
Introduction
Mention has been made in the literature survey (section 1.3.6.) of the fact 
that agitation of the plating solution increased the maximum or limiting 
current density which could be passed without the formation of a powdery 
or ’burned* deposit. It also improved the surface smoothness of the 
coating and usually increased the hardness and reduced the internal stress 
in the deposits.
The experiment was designed to compare the surface appearance and smoothness 
of deposits produced from still, magnetically stirred and ultrasonically 
agitated solutions. The latter property was investigated by examining 
the etched cross-sections of the coating under a microscope at a high 
magnification. Both these surface characteristics of the coating were 
studied for deposits from the plain bath and also from the bath containing 
benzotriazole. The standard plating solution was used at 23°C, with a 
current density of )*30A/m2; this high current density was chosen because 
previously it had been observed that it produced deposits which were 
slightly burned.
Results
These consist of a series of six photographs in Fig. 5* 5* /which show 
the cross-sectional microstructure of copper plated from (a) a still 
bath, (b) a stirred bath and (c) an ultrasonically agitated solution.
With each type of agitation, the photographs on the left are of 
deposits from a plain bath and on the right from an electrolyte 
containing 0.12 g/l benzotriazole.
Discussion
The edges of the specimen plated from the still plain bath showed some 
powdery deposit, whereas the copper from the stirred bath was less 
powdery and that from the ultrasonically agitated solution was perfectly 
good, with no sign of burning. A comparison between these coatings and 
those from the bath containing benzotriazole again showed that this 
addition agent gave a deposit with a brighter surface as well as a high 
internal stress. These stressed coatings had a tendency to peel away 
from the substrate, especially that from-the still bath, while the one 
from the ultrasonic solution was the most adherent. It can, therefore, 
be concluded that the stress was a maximum and/or adhesion was a 
minimum in the deposits produced from the still bath. However, as the 
substrates were all cleaned by the same technique prior to plating, it 
is more probable that the internal stress was reduced by the agitation 
of the solution: this explanation is supported by the preliminary
results (see section 3.7*3*), which indicated that ultrasonic vibrations 
decreased the stress in copper deposits.
The photographs of the cross-sections of the deposits showed that an 
increase in the agitation of the solution increased the surface smoothness. 
This smoothness may be associated with the reduction in the concentration 
polarization at the cathode produced by the agitation of the solution, 
and resulting in more mobile ions which were able to move to the most 
favoured deposition sites. The reverse of this was the formation of 
whiskers, which gave a very rough coating, and this occurred most readily 
in static solutions. The presence of benzotriazole in the solution 
produced a very smooth coating in all three instances. Because the 
specimens were not all mounted parallel to one another, the thicknesses 
of the deposits in the various baths appear to be different.
Deposits from still bath
Deposits from stirred  bath
Deposits from ultrasonically agitated bath
Deposits from plain bath Deposits from Benzotriazole
bath (0* 12 g / l )
FIG. 5. 5. EFFECT OF SOLUTION AGITATION AND BENZOTRIAZOLE 
ON THE STRUCTURE OF DEPOSITS.
Conclusions
An increase in the solution agitation:
.(l) raised the maximum current density which could he used without 
forming 'burned’ deposits in the plain bath;
(2) improved the surface smoothness of the plain deposits;
(3) reduced the internal stress and the extent of peeling in deposits 
from the bath containing benzotriazole;
The effect of the use of benzotriazole on the plating bath:
(1) increased the surface brightness of the deposits;
(2) improved the surface smoothness of coatings from all three baths;
(3) produced highly stressed deposits.
5*6. Effect of Concentrabion of Benzotriazole in the Bath on the
Surface Tonography
Introduction
In an earlier section . (5*2.) the nucleation of copper deposits from a 
bath containing 0.12 g/l benzotriazole was investigated. In this party 
a study was made of the modifications to the surface topography produced 
by the addition of different concentrations of benzotriazole to the 
plating solution.
-2 -2 .
Small cathodes, 1 x 10 m x 1 x 10 m, were used because specimens of
this size could be examined in the Stereoscan. Larger cathodes could not
be used because, when they were plated and then cut to the required size,
the deposit tended to break or flake off. The small cathodes, with a
long thin supporting tag, were cut from copper foil, degreased in acetone,
given a quick etch in 50% nitric acid and air dried. One side of the
foil and both sides of the tag were lacquered with Lacomit and allowed
to dry in air. Twelve anodes were prepared in a similar manner I but
_3 2
these had a much larger surface area (l x 10 m ), because'specimens of
1 x 10 m would completely dissolve during the experiment.
The cells were then set up and the electrodes connected in series.
Each cell contained one litre of plating solution and the appropriate 
concentration of benzotriazole, i.e. 0 , 0 .0 0 0 1 ,  0 .0005s  0 .0 0 1 ,  0 .005s  0 .0 1  
0.05s  0 .1 2 ,  0 . 2 ,  0 .3s  0*5 or 1 . 0  g/l. The solutions were magnetically 
stirred and the plating time was fifteen minutes with a current density 
of 215 A/m2. After deposition, the. cathodes were washed in water, 
dried in air- and examined in the Stereoscan.
Results
Photographs of the copper plated from the copper sulphate-sulphuric acid 
bath containing different concentrations of.benzotriazole are shown in 
Fig. 5*6. (l) and (2), the magnification .used was x. 1,200.
Discussion
The copper deposited from the plain solution without any addition had' 
a coarse, grainy appearance which is typical of coatings from this bath. 
The lowest concentration of benzotriazole used, 0.0001 g/l, modified the 
topography and produced truncated crystallites with flat horizontal tops. 
With more benzotriazole, the fraction of the cathode covered by these 
flat crystals increased until, with 0.005 g/l, the whole area appeared 
to be relatively level. .
The surface changed at a concentration of about 0.01 g/l from a flat to 
a nodular appearance. The deposits from solutions containing 0.12, 0.2 
and 0.3 g/l benzotriazole were highly reflective and consisted of 
flattened nodules. _ With a higher addition, small nodules or particles 
appeared to grow on the larger nodules- ■ the surface with 0.5 g/l "was 
semi-bright but that with 1 g/l was dark in colour with a matt appearance
Conclusion
The addition of benzotriazole to the plating bath hbd a marked effect on 
the surface of the copper deposits. At low concentrations of 0.0001 to
0.005 g/l, truncated crystals were formed and above about 0.01 g/l a 
nodular growth occurred. Very reflective surfaces were produced with 
additions of 0.12, 0.2 and 0.3 g/l benzotriazole.
(c) d)
(e) (f)
Concentration of Benzotriazole in solution g /l  
a = 0  b =  0-0001 c =  0-0005 d =  0-001 e =  0-005 f = 0 0 1
FIG. 5. 6. (1) EFFECT OF BENZOTRIAZOLE ON THE
SURFACE TOPOGRAPHY. P .T .O .
(k) (1)
Concentration of Benzotriazole in solution g / l  
g —  0- 05 h =  0-12 i =  0- 2 j = 0* 3 0- 5 1= 1-0
FIG. 5. 6. (2) EFFECT OF BENZOTRIAZOLE ON THE
SURFACE TOPOGRAPHY.
5*7* Effect of the Concentration of Benzotriazole in the Bath on 
the Cross-scctional Structure of the Deposits.
Introduction
The aim of the work described in this section was to compare the cross-
sectional structure of copper deposited from plating solutions containing
. . . . -3different concentrations of benzotriazole. Copper wire, about 2 x 10 m
in diameter, was used as the cathode and held in a vertical position in 
the plating tanks. These tanks consisted of litre beakers lined with 
copper foil which acted as the anode. This arrangement was normally 
found to give a-uniform deposit thickness over the whole surface of the 
cathode.
The wire was cut into 1,5 x 10 \i lengths and then cleaned in-the normal 
manner (degreased in acetone and pickled in 50% nitric acid). The 
standard plating solution was used(l25 g/l copper sulphate and 1+9 g/l 
sulphuric acid) at room temperature (20°C) and with a current density of 
260 A/m2. The cells, each containing a litre of solution, were connected 
in series, and a'different addition of benzotriazole (indicated on the 
photograph) was added to each of the baths, which were slowly magnetically 
stirred to assist dissolution of the benzotriazole and to minimize any 
variations in the concentration of the bath.
During plating, the current was switched off three times (after about 0.75, 
2 and 2.5 hours) for periods of one, five and five minutes respectively, 
to induce adsorption and banding (which is discussed later). ' After 
deposition for three hours,.the plated wire was removed from the bath, 
washed in water, immersed in acetone and air dried. The specimens were 
then mounted in a cold setting, metallurgical, mounting plastic at room 
temperature to avoid any changes in the structure of the deposits, which 
could occur if they were hot mounted. The mount was then cross-sectioned 
with a hack saw, polished, etched in an alcoholic ferric chloride solution 
and examined under a microscope. Several etchants were tried including 
orthophosphoric acid, ammoniacal hydrogen peroxide and acidic ferric . 
chloride solution, but the one chosen appeared to be the best in giving 
selective attack and showing the layered structure which was present in 
some of the deposits.
Results
Fig. 5*7* consists of a series of ten photographs of typical cross-sections
a b
d
e f
g h
i 3
Concentration of Benzotriazole in solution g /l 
Cross-section magnification approximately x 265
a =  0 b =  0-001 c =  0-005 d = 0 - 0 1  e = 0 0 5
f =  0* 12 g = 0 - 2  h =  0- 3 i =  0- 5 j = l * 0
FIG. 5. 7. EFFECT OF CONCENTRATION OF BENZOTRIAZOLE  
ON THE STRUCTURE OF DEPOSITS.
of the microstructures of copper deposits plated from solutions 
containing different concentrations of benzotriazole.
Discussion
The coatings on the copper were all fairly uniform in thickness, with 
the exception of those from the-baths containing 0.5 and 1.0 g/l benzo­
triazole. The photographs (a) to (h) show part of the surface 
including the substrate, deposit and mount. However, the deposits 
from the solutions containing 0. 5 and 1.0 g/l benzotriazole, (i) and tj), 
were very irregular in thickness and the. photographs were taken of 
thick sections of the coating to show the plated structure. The copper 
plated from baths containing 0.2 g/l benzotriazole or more m s  not in 
continuous contact with the substrate, which suggests that the adhesion 
between the deposit and the base was poor in solutions with a high 
concentration of addition agent.
As mentioned in the introduction, the plating current was. switched off on 
three separate occasions for periods of one, five and five minutes, which 
allowed adsorption of benzotriazole on the surface of the coating and 
encouraged the formation of bands in the deposited metal. The purpose 
of these bands was to label the position and shape of the surface at 
different time intervals during plating.
The structure of the plated copper can be divided into five categories 
being those in which:
I. no indication was given of banding when the current was
switched off, {(a) and (b)} ; •
II. one fine band was shown when the current was switched off,
{(c) and (d)'} ;
III. codeposited layers were present in the coating, {(e) and (f) } ;
IV. the deposit was very fine with poor adhesion and cracked when
the current had been switched off for more than a minute {(g) and
(h) } ;
V. the thickness of the deposit was very variable with poor adhesion 
and cracks were produced when the current had been switched off,
{(i) and (j)} .
In Group I, a thin line indicates the junction between the substrate 
and the electrodeposit and it appears that the structure was similar on 
both sides of this line. No indication is given of the thickness at 
which the current was switched off. The Group II deposits showed one
relatively thick line at the surface of the basis metal and a much
thinner line,, when the current had been switched off for a period of five 
minutes.
In the other groups of deposits, the benzotriazole had a more pronounced
effect on the structure of-the plated copper. Group III deposits showed
a layered rather than banded structure. In photograph (e) two layers
following the substrate are clear and the outer part of the deposit showed
70only a very slight effect. Prall suggested that benzotriazole was co­
deposited with copper as cuprous benzotriazolate in layers which were 
parallel to one another and the plated surface. The concentration of 
benzotriazole in the deposits was shown to be dependent upon the 
concentration in the plating solution and also the position conditions.
A similar but more pronounced structure occurred in the deposit (f) from 
the bath containing 0.12 g/l benzotriazole. In both these deposits, as 
well as for all the other specimens, the adhesion of the coating to the 
substrate was good and there was no evidence of cracking or peeling.
In all the other coatings from solutions containing 0.2 g/l benzotriazole 
or more, the adhesion to the substrate was very poor and cracking or 
peeling occurred when the current had been switched off for several 
minutes. The Group IV specimens (g and h) had a fine structure with 
no indication of a layered deposit at the magnification shown or at the 
higher values which were also used. Group V samples had very poor 
coatings with an uneven thickness and they were brittle with the deposit 
flaking off and, therefore, of no practical significance. The deposit
(i) showed a very marked layered structure, whereas (j) was very laminated 
and non-coherent.
The effect of the adsorption of benzotriazole onto a copper surface, 
either before the start of plating or during a period of time when the 
current was switched off, was to decrease the adhesion on the surface.
If sufficient adsorption occurred, resulting from exposure to a 
concentrated solution for a short time or a weaker solution for a longer 
time, a very weak bond was produced and peeling or cracking occur. This
production of poor surface bonding may assist in the easy removal of
plated coatings from treated substrates and is .the basis of a patent
l66taken out by the Anaconda Brass Conqpany for use in electro forming. 
Conclusion
The presence of benzotriazole in the plating solution had a marked 
effect on the structure of the-deposits. If it were present in low 
concentrations, it could produce banding, whereas higher amounts gave 
a layered structure. Concentrations above about 0.2 g/l give a 
deposit with poor adhesion, which could crack or flake away from the 
substrate or itself, and these coatings have no practical use. The 
deposits from baths containing 0.05 g/l and 0.12 g/l appeared to 
contain an optimum amount of benzotriazole and were both adherent and 
coherent. .
5.8. Effect of Surface Topography on the Deposit.Brightness 
Introduction
It is a well known fact that the brightness of a deposit is related 
to the surface smoothness. In this section, an attempt was made to
produce deposits with different degrees of brightness and then to 
examine the smoothness of these surfaces.
A matt coating was deposited from the plain bath at 20°C with a current 
density of about 215 A/m2 for a period of three minutes. With the same 
plating conditions and an addition of 0.12 g/l benzotriazole to the bath, 
a very bright surface was produced. These•coatings were compared with 
a semi-bright one which had been deposited from a bath containing benzo­
triazole and used in a previous experiment. Photographs were taken on 
the Stereoscan of all three deposits at magnifications of x 200 and 
x 1,000.
Results
The results of this section of the work are a set of photographs,
Fig. 5*8., of a matt copper deposit £(a) and Ml , a very bright surface 
[(c) and (d)J and a semi-bright coating £(e) and (f)J^  •
(a) (b)
Matt Copper deposits from plain bath.
(c) (d)
Fully bright Copper deposits from bath with Benzotriazole
Semi bright Copper deposits from bath with Benzotriazole
FIG. 5. 8. TOPOGRAPHY AND BRIGHTNESS OF COPPER ELECTRODEPOSITS
Discussion
It can be seen from the photographs (a) to (d) that the addition of 
benzotriazole to the plating bath under the same experimental conditions 
modified both the type of growth and the surface topography. The 
deposit from the plain bath consisted of flat faced angular crystals which 
formed a rough surface and gave only a limited amount of light reflection 
and, therefore., appeared as a matt coating. From the baths containing 
benzotriazole, nodular deposits were produced, which gave a smoother sur­
face with a higher degree of light reflection. The difference between 
the very bright [(c) and (d)J and semi-bright deposits [ (e) and (f]Q 
was that in the latter the whole surface was rougher.than in the former 
and consequently reflected less light.
Conclusion ' '
The deposits from a plain acid sulphate bath gave matt copper coatings, 
whereas those from the solution containing benzotriazole could be either 
semi-bright or very bright, depending upon the plating conditions.
5.9. X-Ray Examination of the Electrodeposits 
Introduction
Electroplated copper coatings were examined by x-ray diffraction 
techniques, using copper radiation with a nickel filter for both the 
powder and back-ref lection methods. Powder photographs were'obtained 
of deposits from both the plain bath and one containing 0.12 g./l 
benzotriazole. The back-reflection method, in which only the high 
angle lines ^33l} and (h20) are photographed, was used to indicate any 
preferred orientation in the deposited layers, as well as the presence 
of any internal stress or very small grain size.
The powdered specimens were prepared by filing a sample of the plated 
copper (a process which could create some internal stress) and the 
particles produced were then rinsed in dilute sulphuric acid to dissolve 
any iron impurities which may have broken off the file. The powder was 
washed in water, dried in air and sieved, to remove any large particles 
that would otherwise give spots on the photograph of the diffraction 
lines. A thin specimen-was made by sticking this powder onto a fine 
glass fibre, which was then placed in a central position in the powder
camera. The camera was loaded with the film in the Straumanis setting 
and, with this arrangement, an exposure time of about ninety minutes 
was found sufficient to give diffraction lines of a suitable intensity 
for examination. A similar process was repeated with filings of a 
deposit containing benzotriazole both before and after annealing in a 
vacuum for 200 minutes at 300°C. An x-raj photograph was obtained of 
a powdery . or 'burned’ copper deposit which had been produced from the 
plain bath.using a very high current density; in this case, because a 
very fine powdery deposit was formed, no filing of the copper was 
necessary.
In the back-reflection technique a flat plated specimen was used. To
avoid the diffraction lines of the substrate material appearing on the
photograph, it was necessary to plate a certain minimum thickness of
copper. This value was determined by depositing copper of increasing
thicknesses onto a nickel foil and taking photographs of the x-ray lines,
until there were no lines for the nickel on the film. This minimum
thickness was found to be equivalent to a plating time of two hundred
minutes at a current density of 215A/m2. Because the preparation of
these specimens did not involve any grinding process, (which, could
introduce a stress into the particles of copper or produce particles of
a very fine size), any line broadening show, by the back-reflection
method could be attributed to either the actual' stress in the deposit
or a very fine grain size in the' copper coating. For details of the
formation of diffuse lines on x-ray films by either internal stress or a
very fine grain size, the 'reader is referred to the standard textbooks on 
295 296x-ray diffraction ’ . In order- to compare the back-reflection
photographs, a silver powder was sprinkled on the surface of the copper 
specimens and. two sets of superimposed lines were obtained on the film. 
The distance between the specimen and the film was fixed at three centi­
metres, because this gave suitable spacing of the (331} and£*H2C)J rings 
for copper on the film.
Results
The results of the x-ray examination of the deposits are shown in 
Fig. 5.9. The x-ray powder photographs are for:
(a) a plain matt copper deposit; •
(b) a burned or powdery copper deposit;
a b e d
(a) Copper powder
(b) Powdery or burned copper deposit
(c) Copper deposit with benzotriazole and annealed
(d) Copper deposit with benzotriazole
Fig. 5.3 X-Ray Powder Photographs of Copper
Fig. 5.9 Back-Reflection X-Ray Photographs
(e) Analar Copper Foil
(f) Plain Copper Deposit
(g) Copper deposited from solution with Benzotriazole
(c) a deposit from a bath containing 0.119 g/l benzotriazole which 
had been annealed in a vacuum at 300°C for two hundred minutes.
(d) a deposit from a bath containing 0.119 g/l benzotriazole.
The back reflection x-ray photographs are for: •
(e) a piece of analar copper foil;
(f) a plain copper deposit;
(g) a deposit from a bath-containing 0.119 g/l benzotriazole.
Discussion
The powder photographs of the plain matt deposits (Pig. 5*9* (a) ), and 
also the powdery deposit (Fig. 5*9* (b) ), show sharp lines and clearly 
resolved doublets., The fact that these lines are sharp provesthat the 
filing of the copper deposit did not produce any significant internal 
stress.
The lines of the powder photograph for the deposit containing benzo­
triazole were more diffuse (Fig. 5*9* (d)) than the others but they 
became sharper after the powder had been annealed. This broadening due 
to the presence of the benzotriazole is also shown>to a slight extent,in 
the back reflection photograph (Fig. 5*9 (g)) and prevents an accurate 
determination of the lattice parameter which is normally calculated from 
the high angle doublets. There was very little preferred orientation 
in the deposits and it was mainly observed in the coatings produced from 
solutions containing benzotriazole at low current densities and high bath 
temperatures. There appeared to be very little, or no, change in the 
lattice parameter produced by the incorporation of the benzotriazole.
The back reflection lines for the silver power are slightly spotty in 
Fig. 5-9 (f) because the specimen was not rotated during exposure to the 
x-rays. These results are further discussed and compared with those 
from other parts of the work in Section 7*3.
Conclusions -
The deposit from the bath containing benzotriazole gave very diffuse 
x-ray diffraction lines compared with the sharp lines produced by the 
deposits from the plain bath. The codeposition of benzotriazole had 
little effect on the lattice parameter and gave only slight preferred 
orientation when low current densities and high bath temperatures were '
used.
6. SOME PHYSICAL AND CHEMICAL PROPERTIES OF THE ELECTROPLATING SOLUTION
AND OF THE COPPER DEPOSITS
6.1.' Introduction
The first part of this chapter covers, in more detail than in the preliminary 
results, some properties of the electrolyte. A study is made of the effect 
of varying the plating conditions, such as the current density, electrolyte 
temperature, bath agitation and presence of benzotriazole, on the current 
efficiency, the metal distribution ratio and the throwing power of the 
acidic copper sulphate solution. In the.second section the grain size, 
microhardness and internal stress of deposits from both the plain bath and 
the one containing benzotriazole are measured. The physical properties of 
some of these deposits have been measured and correlated with the bath 
temperature, current density and solution agitation used during the plating.
6.2. Current Efficiency 
6.2.1. Introduction
The effect on the current efficiency of changes in the concentration of copper 
sulphate in the solution, the current density and the solution agitation was 
investigated. These variables were studied because, if the cathodic current 
efficiency is low, the corresponding relative thickness of the deposit is 
also reduced and the current which is not used in depositing the copper may 
produce hydrogen gas. This hydrogen is co-deposited with the copper and can 
affect both the hardness and internal stress of the deposit. The current 
efficiency was required for the calculation of the deposit thickness which, 
in turn, was used for the determination of the internal stress. It is, 
therefore, important to measure the cathodic 'current efficiency, because it is 
related to other properties which are discussed later in this chapter.
One of the difficulties in the measurement of the current efficiency was the 
determination of the exact quantity of electricity which was passed through 
the cell, and this has been discussed in section 2.4.1. in the experimental 
procedure. To overcome this difficulty the results are given as weight 
changes at the electrodes and are comparable because the cells were connected 
in series.
6-2.2. Effect of the Concentration of Copper Sulphate in the Electrolyte 
Introduction
The effect of varying the concentration of copper sulphate in the electrolyte 
was studied at a temperature of 22°c with nine different plating cells, each
containing 1 litre of the appropriate electrolyte with 10 to 240 g/l copper 
sulphate. Each of these solutions contained 49 g/l sulphuric acid and the 
electrolytes were slowly stirred magnetically. The electrodes were cleaned 
in the normal manner (section 2.3-6.), weighed and joined in series, placed 
in the plating cells and a current, equivalent to 215A/m , was passed for 
about thirty minutes. The electrodes were then removed from the baths, 
washed in water, dried in air and weighed, particular care being taken to 
avoid the loss of copper from the burned deposits. This loss was minimized 
by keeping the powdery cathodes in a horizontal position when washing, drying 
and weighing. .
The process was then repeated for solutions having a similar range of concen­
trations.but with an addition of 0.119 g/l benzotriazole. In this second 
experiment, a cell containing an electrolyte'without benzotriazole was 
connected in series as a standard, so that the weight changes of the deposits 
from the bath containing benzotriazole could be adjusted to;.jnake a direct 
comparison possible with the plain bath.
Results
These are given in Table 6.2.2. and plotted in a graph, Fig. 6.2.2.
Concentration of Copper Sulphate 
g/l 'CuS0^.5H 0
Electrode Weight Changes g
Plain Bath B ath wi th BTA°
Anode . 
Loss
Cathode
Gain
Anode
Loss
Cathode
Gain
10 -.3004 .2073X -.2907 .1338X
4o -.2922 .2^12X -i 2768 .2385X
7° -.2903 . 2660 -.2817 .2666
100 -.2876 .2772 -.2843 .2743
130 -.2855 . 2741 -.2819 .2806
150 -.2834 .2796 -.2849 .2733
l8o -.2828 •2775 -.2877 .2771
210 -.2884 .2764 -.2883 .2780
I 240 -.2092 . 2778 -.2695 .2761
° Bath containing 0.119 g/l benzotriazole
x
Powdery deposit produced with gas evolution
Table 6.2.2.
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FIG. 6 ."272. EFFECT OF CONCENTRATION OF COPPER 
SULPHATE ON WEIGHT OF COPPER DEPOSITED.
Discussion
During the plating from the baths containing 10 g/l and 4.0 g/l copper sulphate, 
evolution of a gas was observed and the deposits were burned, being dark in 
colour and powdery. The deposition of powdery copper from solutions containing 
low concentrations of copper sulphate was also observed in the preliminary 
work on the hardness of the coatings. It was difficult to remove these 
deposits from the bath and to dry them, without the loss of any copper powder, 
which would result in an apparent lowering of the cathodic current efficiency. 
From theoretical considerations and the published literature, it was assumed 
that the gas was hydrogen. The fact that hydrogen was evolved from these 
solutions with low concentrations of copper sulphate suggests that there 
were insufficient copper ions available for depositor in the electrolyte 
close to the cathode surface, so that the alternative cathodic process of 
the formation of hydrogen gas occurred.
This formation of hydrogen by the current instead of plating copper is the 
main reason for the low weights of copper produced on the cathodes, and 
consequently a low cathodic current efficiency. It appears that the efficiency 
of the bath with 70 g/l copper sulphate was also less than 100%, although 
in this case no gas was observed on the cathode surface and the deposits were 
not powdery. With 100 g/l copper sulphate and above, there was no significant 
increase in the weight of copper deposited in either bath. Apart from the 
bath containing 10 g/l copper sulphate, in which much less copper was plated 
when benzotriazole was present, the addition agent sometimes increased and 
sometimes decreased the current efficiency, but these changes were normally
"t” "f* /
within the experimental error which was about - 30 mg or - 1%.
It may be noted that the weight of copper dissolved from the anodes was,
‘in all cases except one, higher than the weight deposited. This means that 
the anodic current efficiency is greater than the cathodic current efficiency 
for all the baths except the one containing 240 g/l copper sulphate, which 
had a particularly low value, perhaps caused by anodic concentration polari­
zation. This may be due to the dissolution of copper at the anode and 
cathode before and after applying the current and also to the presence of 
impurities in the anode^which can dissolve or, if insoluble, fall off the 
anode surface.
Conclusion
The increase in the concentration of copper sulphate in the bath:
(1) initially caused a significant increase in the cathodic current 
efficiency and then a steady value was reached at about 100 g/l;
(2) reduced.the anodic current efficiency in the plain bath with a marked
decrease in the bath containing 240 g/l;
(3) had little effect on the anodic current efficiency in the bath 
containing benzotriazole, except to lower it at 240 g/l.
In both sets of solutions containing 10 g/l and 40 g/l copper sulphate, 
hydrogen was evolved during plating and powdery deposits were produced.
The presence of benzotriazole in the solution:
(1) had no effect on the cathodic current efficiency, except to give a
large decrease in the bath containing 10 g/l copper sulphate;
(2) reduced the anodic current efficiency at low concentrations of copper
sulphate and increased it at the highest concentration, but had little 
effect at other concentrations.
6.2.3. Effect of Current Density
Introduction
In this section the effect of varying the current density on the weight of 
copper deposited at the cathode was studied. The same experiment was 
repeated at four different temperatures, each being controlled by immersing 
all the plating cells in a constant temperature bath. It was, therefore, 
not possible to stir these solutions magnetically, so they were used in a 
still condition. The cells were connected in series so that, using one 
current with electrodes of different areas, it was possible to vary the 
current density from one cell to another. A coulometer was connected in 
series and a total quantity of about 3?600 coulombs of electricity measured 
on the instrument was passed through the circuit. The procedure for cleaning 
and weighing the electrodes was the same as that described in section 2.3*6.
Results
These are given in Table 6.2.3* and plotted in a graph, Fig. 6.2.3*
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55 1 . 1 2 7 6 1 .1 1 3 4 1 .1 3 5 0 0 . 9 6 6 2
110 1.2320 I . I 878 1 . 1 7 H 1 .0 4 5 0
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5 4 0 1 .2 3 4 4 1 .1 9 6 8 1 .1 9 9 2 1 .1 5 4 2
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7 5 5 1 .2 3 6 2 1.1968 1 .1 9 9 7 1 .1 6 5 8
860 1.2368 1 .1 9 6 5 1 .2 0 0 8 1 . 1 7 3 2
Nominal quantity of elec­
tricity passed coulombs
3620 3620 3 6 3 0 3600
Table 6.2.3*
Discussion
A comparison can only be made between the weight gains of those cathodes 
connected in series at one temperature. It is, therefore, not possible 
from these results to determine the effect of changing the bath temperature. 
Similarly, it is not possible to compare the weight changes in this section 
with those in the preliminary wrork (section 3-4.).
At all the four temperatures used, the weight gain of the cathodes rose
2sharply as the current density was increased from 35 A/m . For the three
lower temperatures, a steady weight was observed at a current density of 
2215 A/m and above. This was particularly advantageous because the va^ue 
2
of 215 A/m for the current density had been chosen as the standard for
this work, and at this value a maximum steady value for the cathodic current
efficiency occurred. This increase in the current efficiency with the
2 9 7current density has been observed by Kudryavtsev et al^
At a low current density, the current efficiency varied more with local 
changes in the current density than at a higher current density. This 
relationship between the current density and current efficiency is a 
determining factor for the throwing power. The change in current efficiency 
meant that on a rough surface proportionally more metal was deposited at
the projecting points (with the higher current density) than on the recessed 
points. Therefore, if the current efficiency were the only controlling factor, 
the metal distribution ratio would be higher and the throwing power would 
be lower at low current densities, the change being more pronounced at 
higher temperatures.
Conclusion . ■
At low current densities, the cathodic current efficiency increased with the 
current density for all the bath temperatures used. However, a constant 
value was obtained at, and above, a current density of 215" A/m , in all the 
baths except the one at 77°C, which showed a steady increase.
6.2.4. Effect of Electrolyte Temperature
Introduction
The effect of varying the temperature of the plating bath on the weight of 
copper deposited at the cathode was investigated at four different current 
densities. In this experiment, sixteen plating cells were arranged in series 
and both the temperature and current density varied, so that the effect of 
both could be studied.
still
Four cells, containing^solutions, were immersed in each of four constant 
temperature water tanks. The current density was modified in each of the 
four cells by using electrodes of different areas. This arrangement gave 
four cells at each temperature and four cells at each current density. The 
electrode preparation followed the description in section 2.3*6.. The 
experiment was repeated four times and the values given below are typical 
weight gains. ' '
Results
These are given in Table 6.2.4. and plotted in a graph, Fig. 6.2.4.
Solution
Temperature
°C
Cathodic Weight Gain g
at 2 Current Densities A/m
55 110 215 430
3 .6873 .6835 .6593X .634lx
21
-c1  (M 
CO 
..
• 
• .6922 .6990 . 7003
35 .6850 .6903 .6994 .7008
6o .6687 .6732 .6968 .6966
X Burned or powdery deposits
Table 6.2.4.
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FIG. 6. 2.4. EFFECT OF SOLUTION TEMPERATURE ON WEIGHT OF 
COPPER DEPOSITED AT DIFFERENT CURRENT DENSITIES .
Discussion
The deposits formed at the lowest temperature (3°C) with current densities 
of 215 and,430 A/m were burned and powdery. These coatings were lighter 
in weight than the others, probably due to the production of hydrogen gas
which was not, however, observed during plating. The coating produced at
2 2110 A/mJ was/lighter than that at 55 A/m , so some powdery copper and hydrogen
may have been produced, but neither was visible. The current efficiency
for both those cathodes was, therefore, lower than for the electrodes plated
at higher temperatures.
At all four current densities, the weights of copper deposited at 21°C and
35°C were about the same, and were higher than those plated at a bath
temperature of 60°C. Therefore, the cathodic current efficiency fell as the
temperature rose above 35°C, an effect which may have been due to the fact
that the rate of corrosion or dissolution of a metal increases with the
temperature of the electrolyte. This corrosion would be lower at high current
densities, at which there would be appreciable concentration polarization
current
preventing dissolution^but this polarization would not occur at lower^densities
A comparison between the effects of an increase in the current density at 
different temperatures shows that the cathodic current efficiency increased 
with the current density, except in the cases where burned deposits were 
formed. This observation, from only four values of the current density, 
agrees with the conclusion in an eaplier section 6.2.3* '
Conclusion
«— ri--. --.r in -n j i
The cathodic current efficiency was found to:
(1) be low at low temperatures with medium and high current densities
2(215 A/m and above) at which burned deposits were formed;
(2) decrease as the temperature rose above about 35°C;
(3) increase with current density, except at 3°C.
6.2.5* Effect of Solution Agitation
Introduction
It has been noted in the literature survey (section 1.3*6.) and in the 
preliminary work (section 3*4.) that the agitation of a plating solution
increased the cathodic current efficiency . In this part of the work, 
the effect of ultrasonic vibrations on both the anodic and cathodic current 
efficiences is compared with those of the still bath. The comparison was 
made at a series of different plating current densities from 30 to 3^5 A/m , 
the solutions being at room temperature (20°C).
Three Haring-Eilum cells, (described in section 2.4. t^.) were used in series
with one or two cells placed in the ultrasonic tank and the remainder contained
a still plating solution. The area of the electrodes exposed to the solution 
-3 ?.
was 2.5 x 10 m and the volume of electrolyte was about 370 mis. The 
electrodes were prepared as described in section 2.3*6. and the current 
passed for the appropriate time to give approximately the same weight change 
in every case, except one which was accidentally allowed to plate for a 
longer time.
Results
These are given in Table 6.2.5*
Discussion
The results are given in rows of three and subdivided into anodic weight 
losses and cathodic weight gains for .the cells used in series. No comparison 
can be made between the weight changes at different current densities, 
because the quantity of electricity could not be precisely controlled.
The amount of copper dissolved from the anode was generally greater than
. 2
the amount deposited on the cathode, at current densities of 130- A/m and 
above. The anodic current efficiency, therefore, was higher in these cases 
than the corresponding cathodic value. However, at the lower current 
densities of 30 and 65 A/m , the weight of copper deposited from the still 
bath was sometimes higher than the weight dissolved at the anode. For almost 
all the current densities the weight loss of the anodes in solutions subjected 
to ultrasonic vibrations was greater than that in the still solutions, showing 
that ultrasonic vibrations increase the anodic current efficiency, which is 
in agreement with the results in the preliminary work (section 3-4.).
2At current densities below 130 A/m , the use of ultrasonic agitation
decreased the weight of copper deposited, compared with the still solutions.
2 •However, at 130 A/m there was not a definite trend and in some experiments
Anodic
Current
Density
A/m2
Weight Changes g
St
Anodic 
Wt. loss
ill Bath
Cathodic 
Wt. gain
Ultrasoni
| Anodic 
I Wt. loss
c Bath
Cathodic 
Wt. gain
30 -.4009 ..3902 -o4ll8 .2879
-.4030 .3834
-.4095 .4182 -.4208 .3950
-.4162 .4169
65 -.4159 .4215 -.4237 .4135
-.4163 • .4135
-.3917 .4001 -.4068 .3987
-.4036 . .3972
130 -.4394 .4103 -.4501 .4132
-.4403 .4231
-.4073 .3950 -.4128 .3982 .
-.4162 .3937
195 -.3979 .3932 -.4031 .3957
-.3988 -3947
-.4084 .3951 -.4103 .4015
-.4075 .3968
240 -.7626 .7524 -.7676 .7682
-.7641 .7573
■ -.7782 .7638 -.7888 .7762
-.7864 .7774
290 -.4399 .4307* -.4490 .4277.
-.4409 .4191*
-.4478 .4327* -.4486 .4375
-.4422 .4347
-.4314 .4226* -.4413 .4256
—  4397 .4178*
-.4296 , .4257* -.4424 .4316 '
-.4324 .4202
385 -.4121 .3880* -.4138 .4138
-.4107 .3957*
-.3793 .3048* -.3822 .3784
* -.3874 .3802
-.3876 .2694* -.3964 .3825
-.3964 .3985
* Burned or Powdery deposit
Table 6.2.5.
the weight of copper from the still bath was higher and in other cases lower. 
2At 195 A/m and above, the deposits from the ultrasonic bath were heavier 
than those from the still bath. In the preliminary work, the .ultrasonic 
agitation of the solution increased the total weight of copper deposited at 
all current densities.
2
Almost all the deposits plated with a current density of 290 A/m and above
from the still bath were burned or powdery in appearance, whereas those
from the ultrasonically agitated solution did not appear powdery. This means
that the maximum, or limiting current density which can be used to produce
2
good quality deposits under these conditions is between 240 and 290 A/m in
2
the still bath,but is above 3$5 A/m with ultrasonic agitation.
Conclusion
It may be concluded that:
(1) the anodic current efficiency was higher than the cathodic value at,
2and above, a current density of 130 A/m but occasionally was lower
2at current densities below 130 A/m ;
(2) ultrasonic agitation usually increased the anodic current efficiency;
(3) ultrasonic agitation decreased the cathodic current efficiency below
2 2 130 A/m but usually increased it above 130 A/m ;
(4) ultrasonic agitation improved the quality of the deposits' produced at
2current densities of 290 and 3^5 A/m by preventing burning, i.e. the 
limiting current density was increased.
6.2.6. Effect of Benzotriazole in the Plating Bath
Introduction
This work was done after that described in section 6.2.5* with the object of 
comparing the effect on the current efficiency of adding benzotriazole to 
both*a still and an ultrasonically agitated solution. The experiment was 
performed at room temperature (20°C) with several different current densities 
and the plating time was chosen to give approximately the same weight changes 
for each current. Four Haring-Blum cells were used and connected in series, 
two of the cells containing still solutions and two immersed in an ultrasonic 
tank. The electrodes were prepared by the method described in section 2.3*6.
Results
These are given in Table 6.2.6.
Bath Electrode
Weight changes g
2Current Density A/m
30 . 65 130 195 290 385
Still Anode -.3346 -.4193 -.4023 -.3791 -.4415 -.4061
Cathode .3184 .3933 .3901 .3632 .4346 .3506*
! Still+ Anode -.3334 -.4198 -.4o6o -.3800 -.4438 -.4084
Benzotriazole Cathode .3176 .3925 .3937 .3657 .4317 • v_o CO CO *
Ultrasonic Anode -.3465 -.4340 -.4143 -.3906 -.4521 -.4225
Cathode .3100 ,.3928 .3906 .3658 .4393 .4073
Ultrasonic+ Anode -.3346 1 • to CO 
. 
Ul -.4o8l -.3910 -.4493 -.4234
Benzotriazole Cathode .3128 .3913 .392! .3697 .4295 .4079
* Burned or powdery deposits
Table 6.2.6.
Discussion
Because the four cells which were used at one current density were connected 
in seri'eSjit was possible to compare the effect produced on the change in 
electrode weight by ultrasonic vibrations and/or the addition of benzotriazole 
to the solution for a particular current density,. The results were not 
suitable for plotting in graphical form of Weight Change v. Current Density, 
because the amounts of copper deposited or dissolved at different current 
densities were not comparable, since a different quantity of electricity 
was used for each run. 5 1
The results for the still and ultrasonically'agitated baths confirm the 
conclusions in the previous section 6.2.5* ? so are not discussed further.
The presence of 0.12 g/l benzotriazole produced brighter deposits from both 
the still and the agitated baths; the appearance of these coatings has been 
described and illustrated by photographs in Chapter 5*
In the still bath, the addition of benzotriazole had very little effect, 
except for the cathodic process in the experiment with a current density of 
385 A/m . In this cell, it gave a large increase in the weight of copper 
platedjbecause the deposit was not as powdery as that from the corresponding 
plain solution, although it was slightly burned. Therefore, it appears that 
the presence of benzotriazole in this cell increased both the‘cathodic current 
efficiency and also the limiting current density.
In the ultrasonically vibrated solutions, the benzotriazole reduced the 
anodic current efficiency at low current densities. This may be due to the 
formation of a surface film of greenish appearance on the anode, which 
probably would slow down the dissolution process. At higher current densities, 
with a much faster rate of production of copper ions, this film was less 
apparent. The presence of benzotriazole had very little effect on the 
weight gains Of.the cathodes. •
Conclusion
In all the plating solutions without benzotriazole, the anodic current 
efficiency was higher than the cathodic current efficiency.
The use of ultrasonic vibrations in the plain bath:
(1) increased the anodic current efficiency;
(2) decreased the cathodic current efficiency at current densities
2 2 below 130 A/m but increased it at 130 A/m and above;
(3) prevented the formation of powdery deposits at a current density of
385 A/m2.
These conclusions are similar to those in section 6.2.5*
The addition of benzotriazole to a still solution:
(1) gave a brighter deposit; .
(2) tended to increase the anodic current efficiency slightly;
(3) had little effect on the cathodic current efficiency, except for that
2
at 385 A/m which showed a large increase.
2This increase at 3^5 A/m corresponded to a slight improvement in the quality
of the deposit which was less powdery than that from the plain bath, i.e. the
limiting current density was raised to a small extent.
Benzotriazole in an ultrasonically agitated bath:
(1) gave a brighter deposit;
(2) significantly reduced the anodic current efficiency at current
2densities up to 130 A/ra , but had less effect at the higher values;
(3) had no overall effect on the cathodic current efficiency.
6.3® Metal Distribution Ratio and Throwing Power
6.3.1® Introduction
In section 6.2. it has been shown that the current efficiency and the relative
deposit thickness depend upon many plating variables. This part of the work
was designed to investigate how these same factors affect the distribution
of the copper over irregularly shaped cathodes. The Haring-Blum cell
which has been described in section 2.4.2. was used in these experiments,
with two cathodes placed on opposite sides of a perforated anode at distances
- 1
of 2.5 x 10 m, and 1.2 5 x 10 m.
6.3®2. Effect of Current Density and Ultrasonic Agitation 
Introduction
Because both the metal distribution ratio and the throwing power of a solution 
are related to the ratio of the weight gains of the two cathodes, their values 
do not depend upon the absolute weight changes. This means that the results 
from cells through which different quantities of electricity were passed can 
be directly compared. This enables the separate effects of current density 
and ultrasonic vibrations to be determined, if the other plating factors 
remain constant. However, the throwing power may depend upon the deposit 
thickness, so that the quantity of electricity passed through the cells was 
kept as constant as possible.
Three Haring-Blum cells were used and connected in series for convenience 
and speed. Two similar runs were carried out at each current density; in 
the first, two still solutions and one ultrasonically agitated solution 
were used, whereas in the second, two ultrasonically agitated solutions and 
one still solution were used. All the result's are given, because small 
differences in the weights of copper deposited on each electrode, while making 
only a slight variation in the metal distribution ratio, have a large effect 
on the throwing power. The weight changes of the anode and cathodes were 
recorded at room temperature (20°C) and have been used in the determination 
of the current effic.iences (section 6.2.5®); the preparation of these has 
been described in section 2.3*6.
Results
These are given in Table 6.3-2. and plotted in a graph, Fig. 6.3®2.
Average
Current
Density
A/m2
Agitation
of
Bath
Cathode
Gain
C!
Wei ght .
g
C2
Metal Dis­
tribution
c./co r 2
Throwing
power
%
30 Still .2874 .0960 2.994 33.46
.3156 . 1026 3.076 31.66
.2389 .0795 3.005 ' 33.22
Ultrasonic .3021 .0858, 2.521 22.68
.3194 .0856 3.731 18.85
.3241 .0928 3-492 23-22
65 Still .3279 .0936 3.503 23.02
.3249 .0906 3.586 21.46
. 3062 .0939 3.261 27.48
Ultrasonic .3240 .0895 3.620 20.84
.3127 .0860 3.636 20.55
.3148 .0824 3.820 17.30
130 Still .3320 .0783 4. 240 10.49
.3489 .0838 4.163 11.68
.3182 .0768 4.143 11.99
Ultrasonic .3530 .0806 4.380 8.415
.3471 .0815 4.259 10.21
.3294 .0743 4.443 7.62
195 Still .3156 .0776 4.067 13.20
.3160 .0787 4.015 14.04
* .3200 .0751 4.261 10.10
Ultrasonic • .3200 -.0757. 4.227 10.09
.3259 .0756 4.311 9-43
.3260 .0708 4.605 5.19
290 Still .3297* *0960 3.434 24.33
.3331* .0976 3.413 24.74
.3237 .0954 3.393 25.13
Ultrasonic .3542 .0805 4.400 9.10
.3488 .0768 4.542 6.077
.3861 .0867 4.453 7.34
385 Still .2968* .0912 3.254 27.91
.2236** .0812 2.754 39.0
.3030* .0927 3.269 27.61
Ultrasonic .3174 .0721 4.402 8.07
.3092 .0710 4.355 8.76
. 3408 .0730 4.448 4.32
* Powdery deposit ** Some deposit was lost before the specimen was weighed.
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Discussion
The variation in the metal distribution ratio and the throwing power with 
current density is shown in the table and graph,for both the still and the 
ultrasonically agitated solutions. The values for the throwing power are 
in good agreement with those in the preliminary work (see section 3*^*)*
The current density given is an average value, being the current divided 
by the electrode area, although the cathode surface closer to the anode
255has a much higher current density than the one further away. The equation 
relating the throwing power, T, with the metal distribution ratio, M,
T _ p - M = 5—  M
P + M - 2 3 + M
where P = primary current distribution, which is 5 in these 
experiments, shows that the throwing power increases as the metal distribution 
ratio decreases. Therefore, the changes in the throwing power only are 
discussed. .
In the still, bath, the throwing power at first decreased and then started to
increase with the current density, the minimum value being about 12% at
2 2 150 A/m . At current densities greater than 195 A/m , the cathode closer
to the anode, i.e, that with the higher current, had a powdery or burned
deposit. This has been related to a low current efficiency^and for' at least
one electrode which gave a very high value for the throwing power, some
copper powder was lost during the washing and drying process.
The throwing power of the ultrasonically agitated solutions was lower fhan 
that of the still bath, for all the current densities used. This is in 
agreement with the results in the preliminary work (section 3*4.). With 
these solutions, the throwing power decreased as the current density rose, 
until a steady value was reached above about 290 A/m  ^ No burned deposits 
were produced from ultrasonicafyvibrated solutions, even at the higher currents 
used. This was probably due to the fact that these vibrations reduced the 
cathodic concentration polarization and enabled the formation of good 
deposits at high current densities which would otherwise have given burned 
deposits from still solutions.
250
These results are in reasonable agreement with those of Haring and Blum •, 
who found that the throwing’ power decreased with an increase in both the
current density and solution agitation. The decrease in throwing power with
. 259increasing current density has also been observed by other workers
Conclusion
The throwing power of the acid copper sulphate plating solution:
(1) decreased and then increased with current density in the still bath;
(2) was always lower for the ultrasonically agitated solution than for 
the still one;
(3) decreased with the current density in the ultrasonically vibrated 
bath over the whole range studied.
The effects on the metal distribution ratio were the reverse of the above 
trends.
6.3.3. Effect of Electrolyte Temperature 
Introduction
This section describes the work carried out on the effect on the metal dis­
tribution ratio and throwing power of varying the solution temperature at a 
current density equivalent to 195 A/m . The first results were obtained 
using four Haring-Blum cells connected in series containing still solutions 
at different temperatures.
Several problems arose with this arrangement. Firstly, it was difficult to 
obtain and maintain a constant elevated solution temperature. The reason 
for this was that, when the cells were immersed in constant temperature 
water baths, the material from which they were constructed, namely perspex 
or polymethylmethacrylate, was a poor heat conductor, so that the electrolyte 
did not quickly attain or hold the required temperature. A second difficulty 
was that some of the cells leaked when raised to 60°C or higher. These 
problems were partially overcome by using just one cell at a time, so that 
the exact solution temperature could be recorded before, during and after 
the run,and the average value was used. The final difficulty was that at 
high temperatures rapid evaporation occurred which resulted in a decrease 
in the volume and an increase in the concentration of the solution, as well 
as an increase in the current density (a constant current was passed between 
a gradually reducing area of. immersed electrodes). This was rectified by 
using a cover on the cell, so that the steam condensed on the cover and 
returned into the plating bath.
Results
These are given in Table 6-3-3« and plotted in a graph, Fig. 6.3«3-
Average
Solution
Temperature
°C
Cathodic Weight Gain g Metal
Distribution
Ratio
CV Co 1 2
Throwing 
i Power
j °/o
i
ci C2
6 -3916 -1177 3-327 26.44
7 . 3000 .0923 3-250 28.00
10 . 3248 .0864 3-759 18.35
15 -3376 .0864 3-897 16.00
20 -3160 .0787 4.015 14.04
25 .2945 .0729 4.o4o 13.64
36 -3416 -0732 4.667 4.34
4o .3108 -0622 4.995 0.06.
47 -3293 .0625 5.269 -3.25
58 -3197 .0616 5.190 -2.32
6o .3192 '-0572 5.581 -6.77
67 -3113 -0537 5.800 -9.09
72 -3186 .0567 5.619 . -7.18
Table 6.3-3-
Discussion
The results show that the metal distribution ratio of a still solution increas 
and the throwing power decreased, as the bath temperature rose. At tempera­
tures of 47°C and above, the metal distribution ratio rose-above 5 and, 
therefore, the throwing power became negative. This may be due to the fast 
that the ions were more mobile at higher temperatures, causing less concen­
tration polarization, so that more copper could be plated on to the cathode 
closer to the anode, resulting in a higher metal distribution ratio and a 
lower throwing power.
250These observations agree with those of Haring and Blum , who found that 
the metal ratio increased from 4.53 at 21°C to 4.89 at 4-5°C with a cell 
of different dimensions from that used in these experiments.
Conclusion •
The general trend is for the metal distribution ratio to increase and the 
throwing power of a still solution to decrease, as the electrolyte temperature
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6.3*4. Effect of Benzotriazole in the Plating Bath
Introduction
This series of experiments was' designed to investigate the effect on the metal 
distribution ratio and the throwing power of adding 0.12 g/l benzotriazole 
to both a still and an ultrasonically vibrated solution at room temperature;
20 °C.
The procedure and operating conditions used have already been described in 
section 6.2.6., which studied the effect of benzotriazole on the anodic and 
cathodic current efficiencies by using the weight loss of the anode and the 
total weight gain of the cathodes obtained in this section of the work. The 
results given record the weight of copper deposited on to both cathodes and 
from these values the metal distribution ratio and throwing power were calculated.
Results
These are given in Table 6.3.4. and plotted in a graph, Fig. 6.3*4.
Discussion
The values of the metal distribution ratio and the throwing power at different 
current densities are given in tabular and graphical form, and show the effect 
of benzotriazole in both the still and ultrasonically agitated solutions.
The graphs of both the Metal Distribution Ratio and the Throwing Power v.
Current Density for the still and vibrated baths are similar to those obtained 
in section 6.3.2.
The main difference produced by the addition of 0.12 g/l benzotriazole was
that at lower current densities the metal distribution ratio rose,so lowering
the throwing power of both baths. This was achieved by increasing the weight
of copper plated on to the closer cathode and reducing that on the distant
cathode. One explanation of these weight changes is that benzotriazole
probably produces proportionally more polarization at low current densities
than at higher values. If this happened, then the cathode further from the
anode would be more polarized than the other one, and the lower current
density would deposit less copper. This in turn would increase the current
density on the nearer cathode and give more deposition. As the current
• ?
density of the whole cell increased, the polarization would decrease, resulting 
in a less pronounced effect*
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M
etal 
Distribution 
R
atio
Plating Bath Average
Current
Density
A/m2 •
Cathode Weight.Gain g Metal
Distr.
Ratio
Vca
Throwing
Power
%C! - °2
sti11 30 .2389 .0795 3.005 33-22
65 . 3041 - .0892 3.409 24.82
130 .3105 .0796 3.901 15.93
195 .2909 .0723 4.024 13.90
290 .3401 .0933 3.645 ■ 20.39
385 .2610* .0896 3.506 22.96
Still + BTA° 30 .2652 .0524 5.061 -0.76
65 .3138 .0787 3.987 14. 50
130 .3150 .0787 4.003 14.24
195 .2910 .0747 3.896 16.01
290 .3338 .0979 3.410 24.80
385 .2964* .0884 3.353 25.92
Ultrasonic 30 .2355 .0745 3.161 29.85
65 .3096 .0832 3.721 19.03
130 .3175 .0828 3.835 17.05
195 .2936 ,0?22 4.066 13.22
290 .3459 .0844 4.205 • 11.03
385 .3299 .0774 4.262 11.79
Ultrasonic + BTA° 30 ’ .2556 ,0572 4.453 •. 7.34
65 .3194 .0719 4.44-2 7.50
130 • 3113 ' .0808 3.853 16.74
195 .2940 .0757 3.880 16.28
290 .3413 .0882 3.870 16.30
385 • .3252 .0827 3.932 15.41
* Burned or powdery deposit
°Bath containing 0.12 g/l benzotriazole
Table 6.3.4.
Conclusion
The presence of 0.12 g/l benzotriazole in the plating solution:
(l) produced a less powdery deposit from the still bath with a current 
density of 385 A/m2;
reduced the throwing power in both the still and ultrasonically
2
agitated baths at current densities of 30, 65 and 130 A/m ; 
increased the throwing power in all other circumstances.
6.4. Grain Size of Electrodeposits
6.4.1. Introduction
In the literature survey a strong correlation has been reported between the
• •  ^v. 4-u ^ 133, 170, 171, 174 , , ■ , 179-182gram size and both the hardness 7 7 7 and the internal stress
of electrodeposits. Because many of the plating variables which affect these
V
properties are interdependent, it was decided that, when investigating the 
effects of a given parameter, all the other conditions would be kept constant. 
Therefore, the composition of the plating bath was changed only to study the 
change in the grain size produced by purification. The values given for the 
’grain size' are the mean intercept lengths which are easy to measure 
accurately and for equiaxed grains are related to the grain size in the
287
A.S.T.M. Standard Designation E 112-63 » The method of measurement using
a Quantimet television screen or a Vickers Projection Microscope has been 
described in section 2.4.4.
6.4.2. Effect of Bath Temperature and Current Density 
Introducti on
This work was planned to study the effect on the grain size of varying the
bath temperature with a fixed current density. The experiment was repeated
2at current densities of 55, 110, 215, 430 and 64p A/m . The deposits
produced were also used for the measurement of the microhardness, which
-5necessitated the use of coatings about 5 x 10 m thick. The details of the 
experimental technique were as described in section 2.4.4. The grain size 
of a few deposits from a bath'containing 0.119 g/l benzotriazole were 
determined with the Vickers Projection Microscope at a magnification of x 4,000.
Results
These are given for deposits from the plain bath in Table 6.4.2. and plotted 
in a graph, Fig. 6.4.2.
The grain size of several deposits from the bath containing 0.12 g/l 
benzotrizole were measured on the Stereoscan and found to be between 0.1 
and 1.0 x 10 ^m.
Discussion
The results have been given in a table and also in graphical form, Fig. 6.4.2., 
to' illustrate that the grain size is very dependent upon both the bath
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Bath
Temperature
°C
Grain Size 10 ^m
at 2 Current Density A/m
55 110 215 430 645 ,
• 0 8.5 2 4.0 1.0* 0.7*
23 10 11.5 12 _ 7.6 2.4
4o 15.8 15 11 12 7-8
60 16 17 16 15 9-2
80 . - 20 18 22 16 9-2
* Burned or powdery deposits
Table 6.4.2.,
temperature and the current density. Because the values of both the bath 
temperature and current density have been used on modules, it is possible to 
compare the effect of varying the bath temperature at different current 
densities and vice versa. An increase in the bath temperature, at a fixed 
current density, raised the grain size of the resulting deposit. As the 
current density rose, at a fixed bath temperature, the grain size tended to 
decrease. Thus, the smallest grain size was produced at low temperatures 
and high current densities, while the coarsest grained deposits formed at 
the highest temperatures and lowest current densities. The surface topography 
of these deposits has been discussed in section 5-3-
The grain size was measured for several copper deposits plated from a bath
containing 0.119 g/l benzotriazole. However, because these were so small,
-7approximately 10 - it was not possible to study any- variation in their
size which was close to the limit of resolution of the Vickers Projection 
Microscope.
Conclusion
The grain size of copper deposits plated from the plain bath:
(1) generally increased as the solution temperature rose;
(2) tended to decrease with an increase in the current density.
The grain size of the deposits from a bath containing 0.119 g/l benzotriazole 
was much smaller and it was-not possible, with the instruments used, to 
measure any variation in it.
6.4.3- Effect of Solution Agitation 
Introduction
This section compares the grain size of copper deposits plated from still, 
stirred and ultrasonically agitated baths, which were connected in series 
at the required current density. • The still bath was placed on anti-vibration 
padding and the stirring was produced by immersed magnets. The ultrasonic 
vibrations were produced by immersing the plating cell in an ultrasonic 
tank, the temperature of which was kept constant by the use of cold water 
flowing through a copper cooling coil. All the cells were used at room 
temperature, which' was 23°C, and the experiment was repeated at several 
current densities. Thick deposits were again used because they were needed 
for hardness measurements. .
Results
Agitation
of
Standard Bath
Still
Stirred
Ultrasonically vibrated
Grain Size 10 ^m
at 2 
Current Density A/m
55 110 * 215 430 645
50
18
10
40
15
10
10
13
10
*1.8
10
1.8
1.8
l.'O
1.0
Table 6.4.3-•
Discussion
At most of the current densities used, the grain size decreased with the
solution agitation, those from the ultrasonic bath being the finest and
those from the still bath the coarsest. For each bath the grain size
decreased as the current density increased. These findings are in agreement
150with those of Butts and DeNora , who formulated several rules which state 
that the grain size decreases with (l) an increase in the current density 
and (2) an increase in the agitation.
Conclusions
The grain size of copper deposits:
(1) decreased as the current density increased;
(2) tended to decrease as the solution agitation increased.
6.4.4. Effect of Solution Purification
Introduction
The effect of purifying the plating solution on the resulting grain size of 
deposits was investigated. A series of experiments was conducted at different 
current densities with a standard bath and a purified standard bath which 
were connected in series and magnetically stirred. The purification treatment 
was that described in section 2.3*2., Thick deposits were produced and also 
used for the hardness measurements in section 6.5*4.
Results .
Plating Solution Grain Size
-6 10 m
at
2
Current Density A/m
55 110 215 430
Standard Bath 18 11.5 12 7,5
Purified Standard Bath 20 12 9 7
Table 6.4.4.
Discussion
The purification of the plating solution had very little effect on the grain 
size of the copper deposits. The difference at each current density was 
within the experimental error.
Conclusion
Purification of the plating solution had virtually no effect on the grain 
size of the deposits.
6.5. Microhardness of Copper Electrodeposits
6.5*1. Introduction
Chronologically the work on the microhardness of the deposits from the plain 
bath followed immediately after the determination of the grain size, because 
the same surfaces were used for both sets of experiments. It was concluded 
from the preliminary results, sections 3»5« and 3.6., that the hardness of 
copper plated from the plain bath depended upon the solution purity and 
concentration of copper sulphate in the solution, the bath temperature, 
current density and electrolyte agitation. The effect of some of these •
variables is studied with deposits from the plain bath, and from a bath to 
which 0.119 g/l of benzotriazole had been added just before plating. Each
value reported was an average of at least seven measurements with an accuracy
"f" ' ,
of - 10 HV, the readings being taken .immediately after the completion of 
plating to minimize any self annealing of softening.
6.5*2. Effect of Bath Temperature and Current Density
Introduction
The production of the deposits from the stirred plain bath has been described 
elsewhere, 5*4.2. One set of deposits from the stirred bath containing 0.119 g/l
benzotriazole was plated over a range of temperatures from 0 to 95°C at 
215 A/m^ and another set at a fixed temperature (23°C), and with a variation 
in the current density used.
Results
These are given in Tables 6.5*2.(a), (b) and (c) and plotted in graphs,
Fig. 6.5-2.(a), (b), (c) and (d).
Plain Deposits
Bath Temperature 
°C
Hardness HV
at
Current Density A/m
55 110 215 430 645
0 95 105 110 118* 134*
23 85 90 93 116 128
40 77 83 81 90 116
6o 71 72 78 84 • 99
80 70 68 75 78 86
Table 6.5-2.(a)
*Deposits were slightly powdery
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Deposits from Bath containing 0.119 g/l Benzotriazole
Hardness of deposits HV 
plated with 215 A/m2
Be
23
tth Tempe 
40
irature
70
3C
95
253 208 154 101
Table 6.5-2.(b)
Hardness of deposits HV 
plated at 23°C
55
Current
110
Density
215
r A/m2 
430 645
201 242 253 260 265
Table 6.5-2.(c)
Discussion
The effect on the microhardness of deposits from the plain bath of varying 
the bath temperature and the current density is shown in Fig. 6.5-2. (a) and 
(b) respectively. At a fixed current density, the hardness of the deposits 
decreased as the bath temperature increased, with the greatest change at 
the highest current. With a constant bath temperature the hardness increased 
with the current density, the maximum effect being at the lowest temperature. 
These results are in good agreement with those in the preliminary work 
(section 3-5-4. and 3-5-5-)- These changes in the microhardness may be 
correlated with the variations on the grain size, section 5-4., or be due 
to modifications in the surface topography, 5-3- •
The presence of benzotriazole.in the solution increased the hardness of the 
deposits very considerably. The graph in Fig. 6.5-2.(c) shows the variation 
in the hardness produced by changes in the bath temperature: the values for 
the plain deposit are also included as a comparison. The hardness of these 
deposits dropped from a high value (HV 253) at 23°C to a relatively low 
value (HV 101) at 95°C. This suggests that the presence of the benzotriazole 
has much less effect on the hardness at higher bath temperatures. Fig. 6.5-2.(d) 
shows the effect of the current density on the hardness of deposits from 
the bath with benzotriazole, again the values for the plain bath are included 
for a comparison. These results are in good agreement with those in the 
preliminary sections 3-6.3- and 3-6.4. The hardness of deposits containing 
benzotriazole increased rapidly with the current density with a maximum 
effect at the lower current densities.
Conclusion
The microhardness of deposits from the baths both without and with 
benzotriazole:
o " .
(1) decreased with a rise in the bath temperature;
(2) increased with an‘increase in the current density.
The deposits from the bath containing benzotriazole were very much harder 
than the ones from the plain bath.
6.5-3- Effect of Solution Agitation
Introduction
In this section a comparison was made of the hardness of deposits plated from
still, magnetically stirred and ultrasonically vibrated solutions. Two
solutions, a plain one and another containing 0.119 g/l benzotriazole, were
c
used at room temperature, which was 23 C. The hardness was measured on the 
thick deposits from the plain bath which were used for the grain size 
determinations in section 6.4.3- A similar set of deposits from the bath 
containing 0.119 g/l benzotriazole were produced under the same plating 
conditions.
Results
These are given in Table 6.5-3- and plotted in a graph, Fig. 6.5-3-
*
Hardness HV
at -
Current Density A/m2
Plating Solution Agitation 55 iio 2'1'5 ■ C
o O 645
Standard Still 72 78 83 115 120
Stirred 77 81 86 130 141
Ultrasonic
agitation
81 84 87 146 161
Standard + Still 196 238 242 250 251
0.119 g/l Stirred 201 242 253 260 265
Benzotriazole Ultrasonic
agitation
209 253 274 295 310
Table 6.5-3-
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Discussion
The values obtained and recorded above for the stirred bath in this experi­
ment are not identical with those given in the results in section 6.5-2. 
They are, however, within the accuracy of - 10 HV suggested in 6.5-1-, 
and some of the difference may be due to slight variations in what are 
nominally the same plating conditions.
The deposits from the ultrasonically vibrated baths were the hardest and 
those from the still bath were the softest. This applies to both the 
solutions without and with benzotriazole and at all the current densities 
used. As in the "previous experiment, the hardness of the deposit increased 
with the current density and was much harder if the bath contained 
benzotriazole. The hardness values of deposits from both the solutions 
under different conditions of agitation are in good agreement with those 
in the preliminary work (sections 3*5-6. and 3-6-5-)•
Conclusion
The microhardness of copper deposits from the baths both without and with 
benzotriazole:
(1) was a maximum from the ultrasonically vibrated bath and a minimum 
from the still bath;
(2) increased with an increase in the current density.
The deposits from the bath containing benzotriazole were very much harder 
than those from the plain bath.
6.5-4. Effect of Solution Purification
Introduction
The purification of the plating solutions was found in the preliminary 
results 3-5- and 3-6. to reduce the hardness of the deposits produced at 
one current density (215 A/m ). It was, therefore, decided to investigate 
this effect and repeat the previous experiments at several different current 
densities. Results were also obtained for the effect of purifying the 
standard solution prior to the addition of benzotriazole. The purification 
treatment followed that described in the experimental procedure in section 
2.3-2. The deposits were plated from solutions at room temperature, 23°C.
Results
These are given in Table-6.5*4. and plotted in a graph, Fig. 6.5*4.
Plating Solution Hardness HV
at
Current Density > >
to
55 110 215 430 645
Standard 77 81 86 112 125
Standard purified . . 60 67 - 75 84
Standard with 0.119 g/l Benzotriazole 201 242 253 260 265
Standard purified with 0.119 9/i
Benzotriazole
190 200 205
Table 6.5-4.
Discussion
From the above results it can be seen that the purification treatment given
to the plating solutions reduced the hardness of the deposits. These values
are in’ good agreement with those in the preliminary work (sections 3®5*T®
and 3.6.1.). The change was small at the low current densities, being 22%
in the plain bath and only 5% in the bath with benzotriazole at 55 A/m , but
was very much larger at the highest current density, being 35% in the plain
2bath and 21% in the bath with benzotriazole at 430 A/m .
Conclusion
In both the baths without and with benzotriazole, purification of the standard 
plating solution decreased the hardness of the resulting deposit at all the 
current densities used.
6.5.5. Effect of Concentration of Benzotriazole 
Introduction
In the preliminary work, it was shown that the hardness of copper deposits 
increased with the concentration of benzotriazole in the bath from which 
they were plated. However, the hardness values reported in section 3*6.2. 
are probably too low, because the small volumes (150 mis) of solution which 
were used contained only very low weights of benzotriazole which could easily 
have been codeposited before the completion of plating. This means that the 
hardness of the copper surface was not related to the initial concentration 
of benzotriazole.
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To overcome this inaccuracy, much larger volumes of solution were usedj 
containing correspondingly higher weights of benzotriazole. The plating 
cells, with one litre of solution, were connected in series and the 
appropriate amount of addition agent added just before the start of deposition,
to minimize any ageing of the benzotriazole in the solution. The solution
o 2
temperature was 23 C and the current density 260 A/m .
Results
These are given in Table 6.5-5- and plotted in a graph, Fig. 6.5*5-
Concentration of Benzotriazole 
-■ Hardness of Deposits HV
0
93
0.0005
110
0.001
l4o
0.005
203
0.01
231
Concentration
Hardness
0.05
262
0.119
275*
0.2
295*
0.3 - 
258**
'0.5
211**
1.0
124**
* Peeled after end of plating 
** Peeled during plating
Table 6.5-5-
Discussion
The. graph shows that the hardness increased with the concentration of benzo­
triazole in the plating up to a maximum of HV 295 with 0.2 g/l. These results, 
which are much higher than those in the preliminary work (sections 3-6.6.), 
show a trend which is similar to that found by Kendal 1^ -^, who used benzotriazole
in very pure plating solutions and obtained lower hardness values. Other
I69 225
addition agents, including Rochelle salt and thiourea , have been found 
to affect the hardness of electrodeposits in a similar manner.
The decrease in the hardness of the coatings from the baths containing high
concentrations of benzotriazole was accompanied by peeling of the deposit.
This peeling is probably a result of the combined effect of a high tensile
internal stress and poor adhesion to the substate. This explanation is
consistent with the preliminary results in which it was shown that the use
of benzotriazole in the solution has a marked effect on the internal stress,
and also it is known that the absorption of benzotriazole on a surface prior
23to plating reduces the adhesion of the coating . One result of this 
peeling would be to relieve partially the internal stress and probably to 
reduce the hardness of the coating.
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The concentration of benzotriazole in the plating bath also had an effect 
on the surface appearance of the deposits. The brightest deposit, which also 
had the highest hardness, was obtained with a concentration of 0.2 g/l. From 
more concentrated solutions, the coatings peeled and were darker, being a 
brown/purple colour. Very low additions gave matt deposits which became 
brighter with a concentration of 0.05 g/l-
Conclusion
The hardness of the deposits depended upon the concentration of benzotriazole 
in the bath. It increased with the amounts of addition up to 0.2 g/l 
(which was also the brightest surface), but above this value cracked deposits 
were produced and the hardness was reduced.
6.5-6. Effect of Ageing the Benzotriazole Solution
Introduction
In the preliminary work (section 3-6.7-)* it was found that the ageing or 
storage of a solution containing benzotriazole prior to its use had a 
significant effect on the external stress of the resulting deposits. For 
this work, a fresh plating solution was made and 0.119 g/l benzotriazole
was added to it. A litre of solution was immediately used at a temperature
o 2
of 23 C, with a current density of 215 A/m , and the hardness of the plated
copper was measured. This experiment was repeated after storing the solution
for increasing time intervals up to 29 days.
Results
Storage Time prior to plating, days 0 0.17 0.5 5.6
Hardness'of deposit HV 253 256 274 308
Storage Time 14 22 26 29
Hardness 309 307 310 310
Table 6.5-6.
Discussion
From the graph, Fig. 6.5-6., it can be seen that the hardness increased with 
storage until a steady value was reached after about 5-6 days. Because the 
hardness increased under the same plating conditions, it is probable that 
the benzotriazole was affected by storage and that the modified form had a
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greater effect on the hardness than the original substance. A similar effect 
has been observed with both refined and commercial purity sulphanated 
anthracene and discussed in section 1.3-5-
Conclusion
The hardness of copper deposits from the plating solution containing benzo­
triazole increased with the storage time of the bath prior to deposition 
reaching a steady value after six days.
6.5-7- Effect of Benzotriazole on the Structure and Hardness 
Introduction
In the preliminary work, section 3-6.6., it was observed that low values were 
obtained when a small volume of plating solution containing a certain 
concentration of benzotriazole was used for hardness determinations. In this 
experiment, a small volume of 200 mis.of electrolyte with 0.12 g/l benzotriazol 
was used and the cross-sectional structure of the resulting deposit was 
examined. A series of hardness measurements was made at different regions 
on the cross-sectioned surface and these were compared with the structure.
Results
Fig. 6.5-7- shows £i photograph of the cross-section of the’deposit after it 
had been polished and etched in alcoholic ferric chloride. The hardness of 
different areas in the surface is indicated below the photograph.
Discussion '
The first copper deposited on to the substrate from the solution containing 
0.12 g/l benzotriazole had a layered or banded.structure, which has been 
observed with other similar coatings. However, the concentration of bento- 
triazole in the bath decreased as the plating time increased, due to the 
codeposition of cuprous benzotriazole. Thus after about an hour the bands 
in the plated copper became less distinct. After a further period of plating, 
the structure of the deposited copper had changed from a layered to a plain 
appearance, typical of the coatings from solutions with a lower concentration 
of benzotriazole.
The hardness of the banded deposit close to the copper substrate was about 
HV 257 to 244, but decreased to about HV 192 for the plain unbanded copper 
plated from the solution depleted in benzotriazole. Thus, the structure and
P la in  Banded Copper
Deposi t  Deposi t  Subs t ra te
192 239 244 257
H ardn ess  Values HV
FIG. 6 . 5 . 7 .  INFLUENCE OF BENZOTRIAZOLE ON 
THE STRUCTURE AND HARDNESS OF COPPER 
E LE CTRODE POSITS
Magnification x 2,000
the hardness of copper depend upon the actual concentration of benzotriazole
in the plating bath.
However, no variation in either of these properties was observed in copper 
deposited from a bath containing one litre of solution under the conditions 
used in the 'work in this chapter. Furthermore, no change was observed in 
deposits from the plain bath, which did not materially alter during deposition, 
because the anodic and cathodic current efficiencies were similar.
Conclusion
The structure and the hardness of copper deposited from a small volume of 
plating solution containing benzotriazole vary with the thickness of the 
deposit.
6.6. Internal Stress in Electrodeposits
6.6.1. Introduction
It was concluded from the preliminary results, section$3-7- and 3-8., that 
the internal stress in deposits from the bath without any addition was always 
tensile, and from the bath with benzotriazole the stress could be either 
tensile or compressive. The magnitude of the stress depended upon the 
thickness of the deposit, the concentration of copper sulphate in the solution, 
the temperature of the bath and the current density. For the deposits from 
the solutions containing benzotriazole, there were two additional factors, 
which are both time dependent, namely the period of storage of the solution 
prior to plating and the change in stress with time after the completion 
of plating. As stated in the preliminary section, the deposit thickness 
and the plating conditions were recorded for each experiment, because they 
affect the stress value.
The main error in the stress measurements was due to the poor reproducibility
of the contractometer. The sensitivity of the instrument depended upon the
spirals used and the thickness of the deposits and, under the conditions used
in Section 6.6.2., it was - 1°, equivalent to ^ 1.0 MN/m^. The effect of
raising the temperature of the helix was investigated, using a bath of
distilled water and watching for any deflection. None was observed below
40°C and a maximum of 3° occurred at 90°C, (equivalent to a compressive
2stress of about 3-1 MN/m )., which was produced by the different thermal
coefficients of the copper and nickel coatings and the stainless- steel helix.
+ 2Any change in the stress which was greater then - 2.1 MN/m at room temperature 
and cutside the range 1.0 to 5-2 MN/m^ (compressive) at 90°C was considered 
significant and the result of variations in the j^lating conditions.
6.6.2. Effect of the Concentration of Copper Sulphate in the Bath 
Introduction
The first part of this work covered the effect of varying the copper sulphate 
concentration on the stress in deposits from an ordinary bath without any 
additions, and the second part the stress in deposits from a solution containing 
0.119 g/l benzotriazole as studied in the preliminary work, sections 3-7-2.
A
and 3-8.2. In both cases a constant concentration of sulphuric acid (49 g/l) 
was used and the solutions were slowly magnetically stirred. Because all 
the results were obtained with one Spiral contractometer, each stress
determination was made separately, under carefully controlled conditions.
2A current density of 215 A/m was used for 15 minutes, which produced a 
coating thickness of 7 x 10 ^m and this was checked by weighing and calculations.
Q
The baths were all used at room temperature which was 21 - 2 C for the first 
+ o
part, and 25 - 2 C for the second part of the work.
Results
These are given in Tables 6.6.2.(a) and (b) and plotted in a graph, Fig. 6.6.2.(a). 
Standard Bath
Concentration of Copper Sulphate 
CuS04.5H20.g/l
Contractometer
Deflection
degrees
Tensile
Stress
MN/m2
47 4.75 12.4 •
93 3.75 9.65
i4o 3 7.93
• 186 . 3 7.93-
233 2.75 7.24
280 2.25 5.86
327 2 5.17
Bath Temperature 21 - 2°C
2
Current Density 215 A/m 
Deposit Thickness 7 x 10
Table 6.6.2.(a)
Discussion
All the deposits from the bath without benzotriazole had a dull matt appearance 
and good adhesion to the helix of the contractometer. The tensile stress, 
which was relatively low, decreased with an increase in the concentration of 
copper sulphate in the solution. This change in the stress appears to follow 
a logarithmic law, as shown in Fig. 6.6.2.(b). .
The stress in the deposits from the bath containing benzotriazole increased
in a tensile direction as the concentration of copper sulphate increased, from
2  ^very low values (20.1 MN/m at 8 g/l) to a maximum stress value of 53*8 MN/nE
at 32 g/l. At higher concentrations, the tensile stress was reduced to zero
at about 60 g/l, and then the stress became oppressive, reaching a steady value
of about 52.8 MN/m^ with a concentration of 100 g/l copper sulphate. The
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Bath containing 0.119 g/l Benzotriazole
Concentration of Copper Sulphate 
CuS04.5H20.g/l
r ~ — ■ ...
Contractometer
Deflection
degrees
Stress
MN/m2
8 8* 20. IT
' 16 10* 26.2T
24 10.75 28. OT
32 20.5 53-8T
47 • 10.5X 27.3T
59 ll2 28.7T
7° -14.5 37.9C
78 -16.25. 43.1C .
93 -20 52.8C
140 -17.5** 45.5C
186 -20 52.8C
233 -12.5** 32.8C
280 -21 54.9C
327 -13** 34.2C |
Bath Temperature 25 - 2°C
2 *—
Current Density 215 A/m
—6 v
Deposit Thickness 7 x 10 m -
^Hydrogen evolved during plating
XInitial deflection negative (compressive stress) which then became positive 
(tensile stress)
**Ruckled deposits
T Tensile Stress .
C Compressive Stress
Table 6.6.2.(b)
coatings from the two baths containing benzotriazole with the lowest concen­
tration of copper sulphate had a matt or powdery appearance and the
71codeposition of hydrogen was observed. This agrees with the work of Prall 
who noted hydrogen evolution during plating from a bath containing 20 g/l 
copper sulphate. From the solutions containing larger weights of copper 
sulphate, the deposits were fairly bright and adherent, except those from 
baths with more than 200 g/i which were slightly discoloured and showed 
some ruckling. This wrinkling in the highly compressively stressed coatings
probably resulted in some stress relief. These stress values for deposits 
from both plating solutions are in good agreement with those in the preliminary 
work (sections 3-7-2. and 3-8.2.).
Conclusion
It may be concluded that the stress in deposits from the plain bath was always 
tensile and decreased as the concentration of copper sulphate increased.
The addition of benzotriazole produced deposits with a high tensile stress 
at low concentrations of copper.sulphate and a high compressive stress at 
high concentrations.
6.6.3. Effect of Bath Temperature •
Introduction . •
In this section, the effect on the internal stress in deposits produced by
varying the plating bath temperature is studied. The standard bath, without
any additions, was used in the first set of experiments with a current density
2of 260 A/m . The plating solution containing 0.119 g/l benzotriazole was used
2in the second part of this work with a current density of 260 A/m , and in
2the third part with 1,040 A/m . The experiments were repeated with a higher
current density to determine whether the shape of the curve of Stress v.
2 2Bath Temperature Density was the same at 1,040 A/m , as at 260 A/m-.
Three spiral contractometers were used in this work and each instrument was
calibrated, prior to plating the spiral to be used in that particular stress
measurement. Because the different instruments may not have identical
calibration curves, not all the deflections in the table are comparable.
However, each deflection can be converted to an equivalent weight by using
the appropriete calibration curve. Therefore, in the results the deflections
and the equivalent weights are. bo.th listed. The plating time was 30 minutes
2at a current density of 260 A/m with the standard bath; for the bath containing
2
benzotriazole, the times were 15 minutes at a current density of 260 A/m s
3 2and 3k minutes at 1,040 A/ra 4 The thicker deposits were used in the case
of the standard bath, because the contractometer deflections were very small
after 15 minutes, but were higher after 30 minutes, so the experimental error
was reduced.
Results •
These are given in Tables 6.6.3-(a)5 .(b) and (c) and plotted in a graph,
Fig. 6.6.3-
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Standard Bath: current density 260 A/m
Temperature °C 
Deflection degrees 
Equivalent Weight g.
2
Tensile Stress* MN/m
3
34
10.6
38.6
8
27
9*0
30.7
10
3*15
11.4
19
7*5
2.5
8.27
20
7
2.2
7*93
22
5.5
1.70
6.21
Temperature 33 38 52 54 * 64 78 98
Deflection 4.25 4 2 2 0.5 0.5 0.5
Equivalent Weight 1*35 1.25 *65 *65 *15 .15 .15
Tensile Stress 4.83 4.14 2.07 2.07 .69 .69 .69
Deposit Thickness 8.5 x 10 m
* Tensile Stress calculated for Deposit Thickness 8.5 x 10 m.
Table 6.6.3*(a)
Bath containing 0.119 g/l Benzotriazole: current density 260 k/m~‘
Temperature °C -2 0 . 5 6 8 16 “ “ H
Deflection degrees + 58 +44 * * +67 + 54 +22.5**
Equivalent Weight g 18.1 14.1 16.9 16.9 7.35'.
Stress* MN/m^ 123T 100T 115T 115T 50.3T
17 20 20.7 22 24.5 31
+33 + 26 -12 + 17.5 -6 -43
10 8.7 3.1 4.6 1,8 13.2
68.3T • 59.3T 21.4C 30.7T 12.4C 92.5C
37-5°C 44 54.5 60 66 80
-55°
t u
113c
-60.5
17%
121C
-45.5
/ 3 . g
93.8C
-13
u-os~
27.6c
-1.5
3.45C
-5
1 0 .  o c
Table 6.6.3*(b)
2Bath containing 0.119 s/l Benzotriazole: current density l,04O A/m
Temperature °C 
Deflection degrees 
Equivalent Weight g 
Stress* MN/m2
5
+11.5** 
2.55 
17. 2T
10.5
+21* *
3-55 
24. IT
15-5 
+8.3** 
12.55 
85.5T
22
+60
16.0
109T
+66
16.9
115T
31
+ 6 2 . 5 **
9-75 
66.2T
42 31 64 71 76 86
+ 11 -39-5 -59 - 2 9 -33 - 2
1.65 ' 7-6 9-2 4.4 5-5 0.3
11.4T 5I.7C 6 2 . 7c 30.0C 37-2C 2.07C
Deposit Thickness 4.25 x 10 m
* Stress Calculated for Deposit Thickness 4.25 x 10 ■
** Cracked Deposit 
T Tensile Stress 
C Compressive Stress
Table 6. 6.3-(c)
Discussion
Three different curves are shown, one for the standard bath with a current
2density of 260 A/m and two for the solution containing benzotriazole with
2 2
current densities of 260 A/m and 1,040 A/m . The equivalent weights for 
the deposits from the two different baths cannot be compared, because they 
apply to deposits of different thickness.
In the copper deposits from the plain bath, the tensile stress decreased as
the temperature of the plating solution increased. The decrease was very
marked at the lower temperatures, but was only slight at the higher temperatures
This relationship appears to approximately obey a logarithmic law with a
gradient that is similar to that found by Kushner for the stress in nickel
179deposited from the sulphamate bath at different temperatures . All these 
coatings had a matt appearance with good adhesion to the substrate metal and 
ho peeling was observed.
For deposits from the bath containing benzotriazole, the shape of the curves 
in Fig. 6.6.3-(b) and (c) was more complex than for the standard bath. At 
the low solution temperatures, the stress in the coatings was tensile and 
very high (about 123 MN/m2 at -2°C). For deposition at these.low temperatures
2with a current density of 1,040 A/m , the deposits were so stressed that they 
usually peeled from the substrate. This peeling reduced the tensile stress 
in the coatings, so that the values measured were much lower than those 
which would have been observed, without the stress relief produced by the 
peeling. The first stress measurements at the higher current density were 
too low because they were for cracked coatings, so that two determinations 
were made for the bath at 22°C, this being the first deposit which did not 
peel. At the higher temperatures, the stress in the copper plated from the 
electrolyte containing benzotriazole was compressive with a maximum value 
of about 121 MN/m^ at 44°C with 260 A/m^, and 62.7 MN/n1^  at 60°C with 
l,o4o A/m^. The stress then decreased to very low values at about 8o°C 
at both current densities. All these deposits were much brighter than those 
from the standard bath.
The changes in the stress deposits plated at different temperatures are in 
good agreement with those found in the preliminary work (sections 3»7-3» an^
3.8.3.) and are discussed, together with those from the other sections on 
the stress determinations, in the discussion chapter.
Conclusions . ' «
The tensile stress in deposits from the plain bath, with a current density 
of 260 A/m , was found to decrease as the temperature of the bath increased* 
In deposits from the solution containing benzotriazole with a current density 
of 260 A/m , the stress was high and compressive at intermediate temperatures 
(30-50°C) and finally became very low at 80°C. An increase in the current 
density moved the whole curve in a tensile direction at a higher temperature.
6.6.4. Effect of Current Density 
Introduction
This section covers the effect on the internal stress produced in deposits 
by varying the current density used to plate the copper. In the first part, 
the standard bath without any addition was used with the solution temperature 
controlled at 22°C. In the remaining parts, the results refer to a bath 
containing 0.119 g/l benzotriazole, with electrolyte temperatures of 22°C and 
31°C. The work was carried out at the higher temperature to indicate whether 
the shape of the curve of Stress v. Current Density was the same at ^1°C as 
at 22°C.
As in the previous section, three spiral contractometers were used and the 
deflections and equivalent weights were listed. The plating time was varied 
and depended upon the current density, being that which give the same deposit 
thickness of 8.5 x 10 ^m from the plain bath and 4.25 x 10 from the bath 
with benzotriazole, i.e. 30 minutes at 260 A/m with the plain bath and 
15 minutes with the bath containing benzotriazole.
Results
These are given in Tables 6.6.4.(a), (b) and (c) and plotted in a graph,
Fig. 6.6.4.
Standard Bath at 22°C
2Current Density A/m 25 130 260 520
Deflection degrees 1.5 1.5 6.25 11.25
Equivalent Weight g .45 .45 1.7 3.4
Tensile Stress* MN/m^ '1.72 1.72 6.21 12.4
650 780 1,040 1,300
16 0 21.25 20 25
4-5g 5-75 6.05 7.15
16.5
T“*•
CM 22.1 26.2
-6
Deposit Thickness = 8.5 x 10 m
* Tensile Stress calculated for Deposit Thickness 8.5 x 10
Table 6.6.4(a)
.-6
Bath containing 0.119 g/l Benzotriazole at 22 C
• 2 
Current Density A/m
Deflection degrees
Equivalent Weight g
Stress* MN/m^
65
-25.5
6.5
43.4c
130- .
-34 -34 
8.2 8.1 
55.8C 55.2C-
195 
-27 
7.1 
. 48.3C
230
-8
2.05 
14.2C
■
260 
34-5 26 
9.3 8.8 
64.IT 60.OT
390 
49 
12.2 
83. IT
520 
54 50 
14.6 13.2 ■ 
99.3T 89.6T
650 
58.5 63 
14.95 15.4 
102T 106T
\ ' •
780 
65 54 
16.6 15.4 
113T io4t ■
1,040 
60 66 
16.0 16.9
109T 115T
1,300 
64 69 
16.6 17-0
113T 117T
Table 6.6.4.(b)
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Bath containing 0„ 119 g/l Benzotriazole at 31°C
2
Current Density A/m 
Deflection degrees 
Equivalent Weight g
O
Stress* MN/rn
130
- 5 3
7 . 9
5 3 . 8
260
- 4 3
1 3 .2
9 7 . 5 C
390
-34.5
9.35
6 3 . 4c
520
0
0
0
780  
7 5  
1 3 - 4  
9 1 .OT
1 , 0 4 0 1 ,3 0 0
50 6 2 . 5 * * 5 6 ** 112
1 4 . 3 9 . 7 5 8 .6 5 1 5 . 1
9 7 . 2T 66.2T 5 8 . 6T 16 4T
Deposit Thickness 4,25 x 10 m
* Stress calculated for Deposit Thickness 4.25 x 10~^m 
** Cracked Deposit 
T Tensile Stress 
C Compressive Stress
Table 6.6.4.(c)
Discussion
The variation in the internal stress in the deposits produced by changing
the current density used in the plating is show* in Fig. 6.6.4. The
equivalent weights in the two different baths cannot be compared, because
they apply to deposits of different thickness. A tensile stress was observed
in all the coatings from the standard bath without any additions. The stress
2 2increased from a very low value of 1.72 M^/m at 25 A/m to a higher value
2  ^ q
of 26.2 MN/m at 1,300 A/m with a solution temperature of 22 C. All the 
deposits had a matt appearance with good adhesion and no peeling.
In the deposits from the solution containing benzotriazole, a compressive 
stress was produced at the low current densities, the maximum values being 
55.8 MN/m2 at 22°C with 130 A/m2 and 97.5 MN/m2 at 31°C with 260 A/m2. As 
the current density was increased the compressive stress was reduced and 
became zero at about 230 A/m2 at 22°C and about 520 A/m2 at 31°C. At higher 
current densities, the stress became tensile and, from the graph, appeared 
to reach a constant value of about 117 MN/m2 at 22°C and 103 MN/m2 at 31°C. 
Several of the stress determinations were repeated, particularly when high 
values were obtained or cracking occurred in the coating. These duplicate 
values also indicate the reproducibility of the stress values.
The compressively stressed deposits did not peel, whereas those with high 
tensile stresses did. All the deposits from the bath containing benzotriazole 
were brighter and had a smaller grain size than those from the standard bath.
A change in the stress was observed after the plating current had been 
switched off and this stress after-effect is discussed in a separate section.
The changes in the stress in deposits plated at different current densities 
are in good agreement with those found in the preliminary work (sections
3.7.4. and 3*8.4.) and a discussion of the significance of these stress 
results appears in Chapter 7.
Conclusion
All the deposits from the standard bath without any additions were matt in 
appearance and the internal stress was tensile, increasing with the current 
density. The deposits plated from a solution containing benzotriazole had 
a compressive stress at low current densities and a tensile stress at high 
current densities.
6.6.5. Effect of Ageing the Plating Solution 
Introduction
From the preliminary results (see section 3.8.5*) it was concluded that the 
stress in the copper plated from a solution containing 0.119 g/l benzotriazole 
became more tensile, as the storage time of the solution increased. A 
similar change has been observed with deposits from a copper plating solution 
containing naphtalene disulphonic acid.
The results in this part of the work were obtained with the modified 
Hoar-Arrowsmith apparatus. With this instrument the electromagnetic force 
which was required to restore the cathodic strip to its original position 
was measured. This electromagnetic force was then converted to an equivalent 
weight, using the non-linear calibration curve. A tensile stress is indicated 
by a restoring force on one side of the cathodic stress and is given a 
positive sign, a force on the opposite side is compressive and has a negative 
sign.
A fresh plating solution was prepared and the standard amount of benzotriazole 
(0.119 g/l) was added. The cathode strip, mounted in the clamp, was then 
introduced into the solution, the current was switched on after an immersion
time of five minutes, and readings were taken every minute, for a quarter 
of an hour. This experiment was repeated with different immersion times 
up to sixty hours.
The experiment was repeated using two plain solutions, one which had been 
freshly prepared and the other which had been stored for sixty hours.
Results
These are given for the solutions containing benzotriazole in Table 6.6.5® 
and plotted in a graph, Fig. 6.6.5® There was no significant difference i; 
the stress values of the deposits from the plain solutions.
Plating Restoring Force
Time m
Ageing Time
60 hr 17 hr 2 hr 5 m in
m amps mg in amps mg m amps mg m amps mg
A -24 -40 -14 -22 .“31 -65 -13 -20
■ 2 16 4 5 14 35 -34 -75 -13 -20
3 30 120 29 110 -36 -80 -13 -20
4 41 200 42 210 -37 -85 -13 -20
5 ' 47 250 52 290 -39 -90 -15 -25
6 55 320 54 310 -39 -90 -17 -23
7 62 380 55 320 -37 -85 -17 -23
8 6 7 446 56 325 -32 -68 -19 ' -20
9 73 525 58 345 -30 -60 -19 -30
10 77 580 62 380 -28 -52 -21 -35
11 82 660 64 410 -23 -38 -21 -35
12 86 730 65. 415 -18 -28 -21 -35
13 91 815 66 44o -15 -25 -21 -35
14 95 880 66 440 0 0 -21 -35
15 100 960 67 445 15 40 -21 -35
Deposit Thickness 7■ x 10 m
2Current Density 2'15 A/m 
Bath Temperature 20°C
Table 6.6.5®
RESTORING
FORCE
mg.
(Tensile stress)
(Compressive
stress)
60 hr
900
800
700
600
500
17 hr
400
300
200
100
30 minPlating Time m
5 m ir.
100
FIG. 6. 6. 5. EFFECT OF AGEING THE BENZOTRIAZOLE SOLUTION 
ON THE RESTORING FORCE.
fc1
Discussion
In all the deposits which were produced after plating for one minute, the 
stress was compressive. This quickly changed to a tensile value in the 
deposits from the solutions which had been stored for 17 and 60 hours, but 
took much longer in that stored for only half an hour; the stress remained 
compressive in the deposit from the bath stored for five minutes. The 
overall effect of ageing the solution was to increase the tensile stress.
The factors which are responsible for this change are probably those mentioned
in the discussion on the variations in the microharcness produced by ageing 
the benzotriazole solution (sections 1.3-5* and 6.5*6;).
Conclusion
The general effect of ageing on storing the benzotriazole solutions was to 
change the stress in a tensile direction. Ageing the plain solution had no
effect on the stress in the deposits.
^•6.6. Effect of Ageing the Deposit or the Stress After-Effect 
Introduction
In the preliminary results (see section 3*8.6.) it was reported that the stress 
in deposits plated from a bath containing benzotriazole changed after the 
current had been switched off. No such change was observed in any deposits 
from the standard bath without any addition.
This section reports on the stress changes which occurred in the deposits : 
plated from the solution containing 0.119 9/1 benzotriazole and having 
different concentrations of copper sulphate, the experimental procedure 
being that which was described in section 6.6.2. These concentrations 
were chosen because they represent a range from tensile to compressive stress.
The equilibrium stress was the constant value of the stress, which was obtained 
after the current had been switched off, normally within a period of fifteen 
minutes after the end of plating, with the spiral still in the electrolyte.
To illustrate how the stress changed with time, .two graphs were produced in 
which the contractometer deflection was plotted against the deposit thickness, 
the plating time and the stress after-effect time (Figs. 6.6.6.(b) and (c)).
Results
These have been given in Table 6.6.6. and plotted in graphs, Figs. 6.6,2.,
6.6.6.(a)(S) and (c).
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Concentration
CuSO, 5H 0 4^ 2
g/i
Initial Stress 
after plating 
for 15 mins. 
MN/m2
Equilibrium 
Stress .
MN/m2
Stress After-Effect
Change in a 
Tensile Direction 
MN/m2
% of
Initial
Stress
8 20. IT • 23.4T 3.3 11
16 26. 2T 31. 4T 5.2 20
24 28.OT 45.5T 17.5 63
32 53. 8t 62. IT 8.3
47 27. 3T 4l.4T 14.1 52
59 28.7T 44. IT . 15.4 . . 54
70 37.9C- 26.9c 11.0 29
7 8 43.1C 22.7C 20.4 47
93 52.8C- 25.2C 17.6 33
l4o 45.5C* 35.2C 10.3 23
186 52.8C 3 2 . 8 c 20.0 38
233 32.8C* 13.1C 19.7 60
-
280 54.9C 34.2C 20.7 38
327 34.2C 19.7C • 14.5 42
T Tensile Stress 
C Compressive Stress 
* Ruckled Deposits
Table 6.6.6.
Discussion
Some of.the results in this section have already been plotted in the form of 
a graph in Fig. 6.6.2. in which the initial stress, after plating for fifteen 
minutes, together with the equilibrium stress were plotted against the con­
centration of copper sulphate in the solution. The actual stress after-effect 
i.e. the difference between the above stresses, is shown in Fig. 6*6.6.(a).
In every deposit with a tensile initial stress the value increased after the 
completion of plating, and this is shown in the table as a positive stress 
after-effect. For deposits which had a compressive initial stress, this 
decreased after plating and is shown as a positive stress after-effect in a 
tensile direction. This change in the stress in a tensile direction is in 
agreement with the observations of other workers'^'*" 188, 191 ^as
been observed in nickel, chromium lead and zinc as well as in copper.
Kushner found that the stress after-effect was much higher in deposits from 
plating solutions which contained addition agents than from plain baths.
The stress after-effect is also illustrated in two other graphs, Figs.
6.6.6.(b) and (c), which show the change in the stress during and after 
plating from both a standard solution without any additions, and from one 
containing benzotriazole. The stress in the deposit from a solution 
containing 47 g/l copper sulphate and benzotriazole,Fig. 6.6.6.(b), was 
compressive at first, then became tensile and the stress after-effect showed 
an increase in this tensile stress. A compressively stressed deposit was 
obtained from a solution containing 140 g/l copper sulphate and benzotriazole, 
Fig. 6.6.6.(c) and this compressive stress decreased, so becoming more 
tensile in nature. .
Conclusion
The stress after-effect, or change in the stress after the current had been 
switched off, was not observed in deposits from the standard bath, but only 
in deposits from the solution containing benzotriazole. The value of the 
stress after-effect appeared to be related to the concentration of the copper 
sulphate on the plating bath and not to the initial stress. In every case, 
a tensile stress increased and a compressive stress decreased after the end 
of plating.
6.6.7» Effect of the Thickness of the Deposit
Introduction -
The internal stress has been observed by many workers to change with the 
thickness of the deposit. In each of the sections in this chapter a con­
tinuous series of deflections have been taken at regular intervals of tine, 
so that the variation of the stress with thickness could be calculated.
The results given below were obtained for deposits from solutions containing 
0.119 g/l benzotriazole in earlier sections of this chapter. Those from 
part 6.6.3. illustrate the effect of varying the bath temperature on the 
contractometer deflection v. plating time or deposit thickness curves. A 
similar set of readings was produced for variations with current density 
from part 6.6.4. The variations of the internal stress with the thickness 
of the coating is also illustrated by two graphs, Figs. 6.6.6.(b) and (c) 
used in the work on the stress after-effect.
Results
These are given in Tables 6.6.7*(a) and (b) and plotted in graphs, 
Figs. 6.6.7*(a) and (b).
Deposit 
Thickness 
(approx)
ra,m.. ... ■■.■...........— .. ■
Contractometer Deflection in 
at
Bath Temperature C
degrees
-5x 10 m -2 16 37*5 60
3 0.5 0 0 0
6 3 1 2.5 2
9 6 2 5*5’ 3
12 10 4 8 7
*5 ■ 14 6 11 8 •
18 17*5 7*5 17-5 8
21 23 9 21 9
24 27*5 li 26.5 10 .
27 32 13*5 30 12
30 36 15 34 12
33 40.5 16 37 12.5
36 45 18.5 45 12.-5
' 3 9 49 20 47 13
42 55 22 52 13
45 58 22.5 55 13
Table 6.6.7*(a)
Discussion '
It can be seen from the graphs in Figs. 6.6.7-(a) and (b) that the deflection 
of the spiral of the contractometer, and, hence, the value of the stress 
which is calculated from it, depends upon the thickness of the deposit. The 
mean internal stress (Sm) on the coating can be calculated from the deflection 
(D) at any deposit thickness (t) from the equation:
2KD
Sm = — -—  
p.h.t.
where p = pitch of helix
h = thickness of the material of the helix
Iv = ’ defelction constant of the helix per unit torque.’
As the lines representing the Spiral Deflection v. Deposit Thickness at a
particular bath temperature (Fig. 6.6.7*(a)) or current density (Fig. 6.6.7*(b)) 
do not show any maximum or minimum, it follows that the mean stress varies 
regularly with the thickness of the coating.
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FIG . 6 . 6. 7. (a) E FFE C T OF DEPOSIT THICKNESS-ON C O N TR A C TO M ETER  
D E FLE C TIO N  A T D IFFE R E N T BATH TEM PERATURES.
70
60
50
40
30
20
10
0
10
20
30
1300 A/m"
390 A /m '
Deposit Thickness xlO
65 A /m '
X 130 A /m
. 8. 6. 7. (b) E FFE C T OF DEPOSIT THICKNESS ON CONTRACTOM ETER  
rLECTIO N A T D IFFER EN T CURRENT DENSITIES.
Deposit Contractometer Deflection in degrees
Thickness
(approx)
at
Current Density A/m2
x 10*" 65 ! 130 260 390 1300
3 0.5 . 1 1 : 1
4.5 2
6 3*5 2 1 2
9 5 4 1 6.5 6.5
12 7*5 7 2 12
13.5. 10
15 9 9*5 3 17
18 10.5 12 3*5 13 21
21 12.5 14.5 4.5 25
22.5 19
24 14 17 6 27
27 15*5 22 7 15 34
30 17 25 9 39
31*5 31
33 18 26 10.5 41.5
36 19 28.5 11.5 37 46.5
39 22.5 30 13. 52
40.5 4-3
42 23*5 32.5 15 58
I 45 25*5 34 17*5 49 64'
Table 6.6.7*(b)
The instantaneous stress gives information about the nature of the stress on 
the top layer of the coating. This instantaneous stress (S^) can be calculated 
from a graph of the mean stress (^m ) v. deposit thickness (t) by using the 
equation:
d „
where —r r  S dt m
thickness t.
S.1 s + t ^ S  m dt m
= the gradient of the line of v. t at a deposit
Thus, the change in gradient of the mean stress (or Contractometer Deflection) 
v. Thickness curve from a negative to a positive value, as shown in Fig. , 6.6.6.(c 
has a marked effect on the instantaneous stress. In this particular deposit,
the initial mean stress was compressive and then layers of copper with a 
tensile stress were plated on top of the compressive stress, until the mean 
stress became tensile, at a deposit thickness of about 3*5 x 10 ^m.
Conclusion
The mean internal stress varied with the deposit thickness and in certain 
deposits (not shown) it changed from compressive to tensile. If is, therefor 
necessary to use the same thickness of coating when comparing the effect 
of different variables on the internal stress.
6.6.8. Effect of Concentration of Benzotriazole
Introduction
The internal stress in deposits plated from solutions containing various
concentrations of benzotriazole was measured. To minimize any variations
in the strength of the addition agent in the electrolyte, wThich has been
discussed previously in section 6.5»5», a litre of fresh solution was made
2
for each determination. The current density used was 215 A/m and the tern-
+ operature of the bath 24 - 2 C, the deposit thickness being standardized at 
4.30 x 10 ^m.
Results
These are given in Table 6.6.8. and plotted in a graph, Fig. 6.6.8."
Concentration of 
Benzotriazole g/l 0 0.02 0.0.3 0.04 0.06 0.08 0.10
Deflection, degrees 7 11 24 9.5 16 7 -9.5
Equivalent Weight g .9 3-1 3.0 1.9 2.8 0.6 0.8
Stress MN/m^ 6.2T 2 IT 20T 13T 19T 4. 2T 5.6C
0.2 0.3 0.4 0.6 0.7 0.8 1.0
-17 -12 -50 -40 -61 -39 -29
2.5 3.0 3.0 3-6 3.8 5.1 5.6
17C 20C 20C 25C 26c 35C 38C
Table 6.6.8.
Discussion
With small additions of benzotriazole, the internal stress was tensile with a
?maximum value of about 20 MN/m" at 0.02 and 0.03 g/l» With concentrations 
above 0.03 g/l the tensile stress decreased, became zero at about 0.1 g/l* 
and then a compressive stress was formed which rose with the amount of 
benzotriazole in the solution.
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It can be seen from Fig. 6.6.8. that the shape of this curve is similar to
those obtained for ether addition agents. When studying the deposition of
2? 5 210 copper, Vagramyan et al J and also IChonikevich and Fedot'ev produced
this type of relationship for different concentrations of thiourea, while
209Fedot'ev and Kruglova did the same for Rochelle salt. Sulphonated
229
naphthalene behaved in this manner, when used in a nickel plating bath 
Conclusion
Very low concentrations of benzotriazole in the plating bath produced tensile 
Stresses and with more than about 0 .1  g/l compressive stresses are formed 
and increase in magnitude up to 1.0 g/l under the plating conditions used in 
this experiment.
6*6.9- Effect of Ultrasonic Agitation of the Plating Solution 
Introduction
The internal stress in deposits plated from a plain, ultra.sonical.ly agitated
solution were compared with those from a still bath and a magnetically stirred
bath. In the first section the stress was measured at different deposit
—6
thicknesses up to 15 x 10 m for copper plated from a magnetically stirred 
bath and an ultrasonically agitated bath. In the former, the rate of stirring 
was sufficient to minimize any concentration or temperature effects and to 
avoid excessive aeration of the solution.
The second part of the work consisted of a series of stress measurements of 
deposits from a still and an ultrasonically agitated solution. The experiments 
were performed over a range of current densities and the stresses calculated
-5at a deposit thickness of 1 x 10 m.
Results
These are given in Tables 6.6.9*(a) and (b) and plotted in graphs, Fig. 6.6.9-( 
and (b).
Magnetically Stirred Path
Deposit Thickness x 10 m 2.5 3 3*5
CO•
-4* 6.0 6.3
2
Tensile Stress MN/m 59*3 33*5 45-6 34*8 30.1 27*0
Thickness 7-0 7-5 10.0 12.3 15*0
Stress 24.5 24. 1 21.7 20.7 19-3
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FIG. 6. 6. 9. (a) EFFECT OF SOLUTION AGITATION ON INTERNAL STRESS 
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FIG. 6. 6. 9. (b) EFFECT OF SOLUTION AGITATION ON INTERNAL STRESS 
IN COPPER ELECTRODEPOSITS AT DIFFERENT CURRENT DENSITIES
Ultrasonincally Agitated Bath
Deposit Thickness x 10 ^m 1.0 1.7 2.2 3-0 3-5 5.0
2
Tensile Stress MN/m 60.0 45-1 42.5 30.9 26.6 20.8
Thickness 6.0 -7-5 10.8 13-1 15-0
Stress 19-6 17-9 15-2 13-5 12.1
Table 6.6.9*(a)
2
Current density A/m 300 520 630 780 930
Tensile Still Bath 3-3 5-5 8.3 12.4 17 - 8
Stress
MN/2 Ultrasonicaliy Agitated Bath 2.9 4.5 3-8 8.3 15-2
Table 6.6.9-(b)
PiscussiGn
It can be clearly seen from the graphs 6.6.9-(a), that, under the plating
conditions used, the internal stress was always tensile, lower in deposits
from the ultrasonicaliy agitated solution than in those from the stirred
bath, at all the deposit thicknesses used. The tensile stress in nickel
deposits from a Watts bath have been found to decrease in a similar manner
with increasing deposit thickness, when a comparison was made between
'  7  S  p .q R
ultrasonicaliy agitated and magnetically stirred solutions 5 . It is
interesting to note that the compressive stress in zinc deposits from a 
sulphate bath were also decreased when the results of an ultrasonicaliy 
agitated bath was compared with a still bath/^’ Graph 6.6.9- (b). shows
that,the tensile stress in deposits from an ultrasonicaliy agitated solution 
were lower than those from a still bath, at all the current densities used 
under the plating conditions chosen.
The stress also decreased with the deposit thickness and increased with the 
current density; thus is in good agreement with the results of other workers.
Conclusion
The tensile stress on copper deposits was found to:
(1) decrease with the deposit thickness;
(2) increase with the current density;
(3) be lower in deposits from an ultrasonicaliy agitated solution than
those from a magnetically stirred or a still solution.
6.6.10. A Comparison of the Hardnesses and Internal Stresses produced by
"Triazole, Benzotriazole and Naphthotriazole 
Introduct i on
In this section, a comparison is made of the effects produced by the use of
triazole, benzotriazole and naphthotriazole as addition agents, in the acid
copper plating bath. These compounds were chosen so that the influence of
the number of benzene rings in a substance could be determined by comparing
triazole with benzotriazole (a triazole ring attached to a benzene ring) and
naphthotriazole (a triazole ring connected to two benzene rings); the
corresponding anthacene compound is cancogenic, so was not used. All the
—3*measurements were made with the same molar concentration (10 M) of each substanc
Both the hardness and the internal stress were determined for the plain bath 
and with each addition agent. The plating cells were used at room temperature 
(l8 - 2 C), with a current density of 260 A/m and magnetic stirring, the 
addition being made just before the current was switched on.
Resu]ts
Hardness
Plating Bath Hardness HV j
Plain bath 92
Bath with 10 61 Triazole 156
_ 3
Bath with 10 fti Benzotriazole 264
-3Bath with 10 fd Naphthotriazole 287
Table 6.6.10.(a)
Internal Stress
Plating‘Bath
2
Stress MN/m
Plain bath 10.3 T
-3
Bath with 10 tit Triazole 10.1 C
-3Bath with 10 Af Benzotriazole 37.9 T
-3Bath with 10 ft! Naphthotriazole 77.2 T
T = Tensile Stress 
C = Compressive Stress
Table 6.6.10.(b)
Discussion
The hardness of the deposit increased with the molecular size of the addition 
agent, for a given molar concentration in the plating bath. This change was 
from HV 92 for the plain deposit up to HV 287 for copper plated from a 
solution containing naphthotriazole. If the same molecular concentration 
of inhibitor were codeposited with the copper, this would account for the 
increase in hardness being greatest with the largest molecular size giving 
the maximum blocking effect for dislocation movement.
The effect of triazole in the plating solution was to produce a compressive 
stress, whereas the stress in the deposit from the plain bath was tensile.
Increasing the molecular size of the addition agent raised the stress in a
2 2 tensile direction to 57*9 MN/m with benzotriazole and 77*2 MN/m with
naphthotriazole. These stress changes are in good agreement with the results
225reported by Tsareva et al , who found that acetic acid (CH^'COOH) lowered 
the tensile stress, propionic acid (CH CH COOH) increased the tensile stress 
and valeric acid (CH CH CH CH COOH) produced an even higher tensile stressJ) e~» cL &
in copper deposits from the acid sulphate bath. Unfortunately, this appears 
to be the only reference in the literature-survey which covers the effect of 
varying the size of the addition agent on either the hardness or the internal 
stress in electrodeposited metals.
Conclusion
The hardness of a deposit from the plain bath was HV 92 and this increased with 
the molecular size of the addition agent in the order triazole HV 156, 
benzotriazole HV 264 and naphthotriazole HV 287.
2
The stress of a deposit from the plain bath was 10.3 MN/m (tensile) and
2this changed to 10.1 MN/m (compressive) with an addition of triazole,
2 2 57*9 MN/m (tensile) with benzotriazole and 77-2 MN/rn with naphthotriazole.
7• DISCUSSION
7.1. Introduction
In the first part of this chapter a brief summary is made of the present 
state of knowledge concerning the role of benzotriazole as a corrosion 
inhibitor for copper and also as an. addition agent in the copper sulphate- 
sulphuric acid plating bath, so that the results obtained in the present 
work can then be considered and related to the existing theories. This 
information is subsequently used to extend and/or modify those theories 
and,finally, suggestions are made for future work which could clarify the 
outstanding problems in these fields.
7.2. Benzotriazole as a Corrosion Inhibitor for Copper
The practical applications of benzotriazole as an inhibitor for copper
19 23 24and copper alloys have received much attention recently ? 5 . How­
ever, much of the reported work has been fragmentary and concerned with 
particular aspects, such as lacquers and antifreezes. The theoretical 
studies have mainly concentrated on polarization curves, impedance 
measurements and ellipsometric investigations. The polarization work was
for copper immersed in sodium chloride solutions and indicated that benzo-
24 54tnazole assisted m  the passivation of copper 5 and the inhibition of 
one of the cathodic reactions, namely the hydrogen evolution process. The 
impedance and ellipsometric studies confirmed the formation of a surface
° 91 Oh S3 S4 o °
film, (variously quoted as about 50A 5 5 5  or qoOA to 5,000A ),
which is considered to give protection and to be produced by the chemisorpt- 
ion of benzotriazole on to the copper surface.
Therefore, to be able to connect the fragmentary data a systematic study 
had to be carried out to ascertain:
(A) the physical properties of benzotriazole in water;
(B) the chemical properties of benzotriazole as they influence the 
corrosion rate of immersed copper;
(C) the effect of the pretreatment of copper in a solution of benzo­
triazole on the corrosion and oxidation rates.
It is intended now to summarize briefly the outcome of the present study 
and then to discuss the significance of the results in greater detail.
7.2.1. Physical Properties of Benzotriazole in Water 
It has.been shewn in this work that benzotriazole:
(1) increases its' solubility in water with temperature from 1.01 w% v
at 1°C to 19.7 w% v at 97°C (section 4.2);
(2) existed as a white crystalline-powder below about 40°C, when in excess
in a saturated r\Qqueous solution, and as a brown liquid above this
temperature (section 4.2);
(3) had only a slight effect on the pH and conductivity of water, decreas­
ing the former and increasing the latter (section 4.3).
The results listed in the solubility data in Fig. 4.2 confirm the values
19 21 22obtained by other workers 5 5 , but the present results are more
comprehensive, since they cover a larger range of temperatures. The trans­
formation in the excess benzotriazole, in a saturated solution, from a 
white powder at temperatures up to about 40°C to a brown liquid in water
above this temperature, produces the expected change, in the shape of the
19solubility curve previously reported by Tadashi , but not by other authors. 
At temperatures as low as 1°C, the solubility data appear to justify the use 
of an addition of up to 1 w% v of benzotriazole in order to obtain a good
inhibitor efficiency in many of the aqueous solutions used in this work and
23 .also in antifreezes . The data also show the maximum concentration which
can be dissolved in water to combat corrosion at a particular temperature;
. . . . . . . . 21 22however, the solubility is higher in acidic solutions 5 , so these data
do not apply to the work with the plating solutions.
There are two different theories regarding the nature of dissolved benzo­
triazole in water; one considers it to be present as a molecule and the 
other in an ionized form. The decrease produced by benzotriazole in the pH
of .deionized, distilled and tap water, which was observed in section 4.3,
19confirms the previously reported results of Tadashi f which suggested that 
benzotriazole formed weakly acidic solutions in water. He proposed that 
benzotriazole ionized in water according to the equation;
C H N0NH 5=* CcH)tN0N" + H+ b 4 2 b 4 2
The production of the hydrogen ion, indicated in the above equation, would
account for the decrease in the pH, while the formation of an anion and a
cation from a neutral mole’cule would also explain the increase in the
conductivity reported in all three waters in section 4.3. Therefore,, the
18present results appear to disprove the theory of Fagel and Ewing , which
was that benzotriazole existed in neutral and mildly acidic solutions as 
a neutral molecule, since this would affect neither the pH nor the conduct­
ivity of these solutions.
Because the addition of benzotriazole to waters reduces the pH and raises 
the conductivity, both of which would tend to increase the rate of corrosion, 
the effectiveness of benzotriazole as an inhibitor cannot be the result of 
changes in the pH and conductivity of aqueous solutions. Hence its action, 
as a corrosion inhibitor, must depend upon some other mechanism.
7.2.2. Chemical Properties of Benzotriazole used as a Corrosion Inhibitor
It has been shown in this work that benzotriazole:
(1) was an effective inhibitor for many acidic, neutral and alkaline 
solutions, but ineffective in complexing and oxidizing solutions 
(section 4.4);
(2) . became more efficient as the concentration of the inhibitor increased.
except in complexing and oxidizing solutions (section 4.5);
(3) gave increasing protection in sulphuric acid as the pH was increased 
.(section 4.6);
(4) acted as a weak buffer in acidic, neutral and alkaline solutions 
(section 4.8);
(5) prevented dezincification of 70/30 brass in many solutions; in some 
cases reducing the rate of corrosion of brass to a lower value than 
that obtained for copper (section 4.9);
(6) reduced both the corrosion of copper and the subsequent pitting of 
aluminium foil immersed in the same water (section 4.13);
(7) was a better corrosion inhibitor and more effective in imparting stain 
resistance to copper than triazole and as good as, but cheaper than, 
naphthotriazole (sections 4.10 and 4.11);
As shown in the literature survey (section 1.1.5), benzotriazole is generally
considered to inhibit the corrosion of copper by the formation of a thin,
chemically bonded complex on the metal surface. Furthermore, this complex,
cuprous benzotriazole is thought to reinforce the protection afforded by the
naturally occurring oxide film on the surface of copper, particularly at
40defects and other points of weakness. Thus, Evans suggested that the 
inhibition in chloride solutions was due to the production of basic copper 
chloride which interacted with the benzotriazole to form a "blocking
substance". The mechanism of inhibition has been widely studied and
attributed to the polarization of the anodic and/or cathcdic processes.
Benzotriazole is also considered to inhibit the corrosion of steel immersed
in acidic solutions, by the formation of a surface film that reduces the
61rate of the anodic and/or cathodic reaction
A protective film of benzotriazole may be formed on copper by three 
general methods: either by adding benzotriazole to the aqueous solution
containing the copper or by immersing the copper in a hot solution of benzo­
triazole followed by rinsing or. by exposing the metal to benzotriazole vapour 
at room temperature. There is. some doubt about the actual thickness of the 
surface film produced by these methods^ but the majority of workers consider
C
it to be about 50A.
In this work, as can be seen from the summary of chemical properties, the
use of 0.1 g/1 benzotriazole produced a marked reduction in the rate of
corrosion of copper immersed in many acidic, neutral and alkaline solutions.
However, in some.complexing and oxidizing solutions (ammonia, ferric
chloride and hydrogen peroxide) in which copper is not stable, benzotriazole
did not give inhibition, presumably because no protective oxide film was
present to be reinforced; this observation confirms the work in ammoniacal
43solutions of Cotton and Scholes . .
If one assumes that corrosion is concentrated at areas where the surface 
film is defective, then it follows that, with higher concentrations of benzo­
triazole in the solution., the size of the uncovered areas must be reduced due 
to the increased adsorption. Thus, it appears that with a low.concentration 
of benzotriazole (0.12 g/1) a considerable area is already covered and a 
relatively high degree of corrosion inhibition is achieved. Although the 
addition of more inhibitor may thicken the existing film or be adsorbed on 
unprotected areas, the consequent increase in protection is proportionally 
less. With a concentration of 0.5 g/1 in many solutions, the greater part of 
the surface can be assumed to be covered with the adsorbed film, giving a 
high degree of protection (about 97% for phosphoric acid), and a further 
addition of 0.5 g/1 gives a very small increase in the inhibition (to about
98% for phosphoric acid). A similar trend has been observed by West with
62tolythiourea and steel, and by Sathianandhan et al who used benzotriazole 
in 0.1 N acids to reduce the corrosion of mild steel. It is interesting to 
note that, in this work with copper, a 100% increase in the concentration of 
benzotriazole increased the. protection by only 1%. One possible explanation 
for this is that, if the adsorption on the surface is not uniform and the 
extra benzotriazole is preferentially attracted to the peaks because of
easier diffusion, then the area of the recesses remaining uncovered and 
the consequent rate of corrosion are only slightly reduced.
In the present work, it was shown that the rate of corrosion of copper 
decreased and the inhibitor efficiency of benzotriazole increased with a 
rise in the pH of a sulphuric acid solution (section 4-.6). It can be seen 
from the Pourbaix Diagram for Copper-Water (Fig. 7.2.1) that the thermo-, 
dynamic stability of the oxide film on copper decreased as the pH was 
reduced.
10 11 IE 13 14 15 16
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Fig. 7.2.1. Pourbaix Diagram for Copper and Water.
Thus, if benzotriazole acts by reinforcing this oxide film, it would have 
a very small effect in the strongly acidic solutions where the film is very 
unstable, but the efficiency would increase with the pH. On the other hand, 
if one assumes that the active form of the inhibitor is the C.gH^^N ion, 
then it would follow that at the lower values of pH . there would be less of 
this form present, due to ion mass action, and consequently less protection 
against corrosion in the acidic solutions.
The above experiments are confirmed by the results from the experiments in- 
section 4.6, in which the efficiency increased from 36% at a pH = -1 to 98% 
at a pH = 1 and 100% at a pH = 1.91, where the-oxide-benzotriazole film gave 
complete protection. At a pH = ■ 3, the oxide film alone was satisfactory, 
without the additional inhibition which would result from the formation of 
an adsorbed film of benzotriazole.
From this work, it appears that benzotriazole was responsible for the lower
change in pH which occurred during the corrosion of copper in a wide selection
of acidic, neutral and alkaline solutions. This fact appears not to have been
discussed in the literature, but can be deduced from a data sheet on anti- 
35freezes . The figures given were obtained with the Ford glassware test, 
according to the British Standard 3152 for antifreeze, and showTed that the 
pH changed from 7.9 to 7.7 in a plain solution but remained at 7.8 with 0.2 
w% w benzotriazole, when the solution was agitated with air; with no solution 
agitation the change was from 7.9 to 7.5 and, with benzotriazole, from 7.8 to 
7.6. Thus, benzotriazole acts as a weak buffer during the corrosion of copper 
and may have the same effect as borax which is widely used as a buffer in 
proprietary corrosion inhibitors.
. 19
Tadashi suggested that benzotriazole existed in water in an ionic form 
as CgH^hpN . The addition of acid or hydrogen ions to this solution may 
give deionization according to the equation:
C6H4N2N- + H+ ->• C6H4N2NH.
The addition of hydroxyl ions may result in the formation of water in the 
following manner:
C6H4N2N" + H+ + OH" C6H^N2N“ + H O .
Hence the addition of acids or alkalies can be buffered as indicated.
56 57It has also been observed in this study and elsewhere 5 that benzotriazole 
prevented the dezincification of 70/30 brass in some solutions. There are 
two theories that have^been proposed to explain this dezincification: one
considers that the dissolution of the copper and the zinc together in the
brass is followed by the redeposition of the copper, while the zinc ions 
remain in the solution, whereas the other theory assumes the selective 
dissolution of the zinc. Both these mechanisms lead finally to a solution 
containing zinc ions and a copper rich surface.
Benzotriazole is thought to reinforce the copper oxide film on the copper
• . a .m  the surface of the brass so that, if the first mechnism applies, there 
is a reduction in the dissolution of the copper and consequently a decrease 
in the corrosion of the brass. Also, because the benzotriazole molecule is 
large in comparison with the copper ion in the surface film, it may shield 
the zinc next to the copper on which it is adsorbed. If the second 
mechanism applies, this shielding would reduce the rate of dissolution of 
zinc from the surface and decrease the rate of dezincification. Therefore,, 
theoretically benzotriazole can inhibit dezincification of brass whichever 
mechanism applies.
In the comparison of the inhibitive properties for copper, (sections 4.10
and 4.11) there was very little overall difference between benzotriazole and
naphthotriazole, both of which were much better than triazole. These
43results are in agreement with those of Cotton and Scholes who found that:
(1) "triazole showed very little or no inhibitive properties";
(2) "naphthotriazole behaved in a similar manner to benzotriazole".
The only other references found in the literature on the corrosion inhibition 
of naphthotriazole concerned the patented use of benzotriazole or naphtho­
triazole in detergents, to preyent the surface staining of copper. However,
36 3 *7 j 10no quantitative data appeared in any of these publications,■ 9 9 .
It may be concluded from the present results that benzotriazole and naphtho­
triazole are both adsorbed on to the surface and form protective films on 
copper and behave in a similar manner. The probable reason for the greater 
interest in benzotriazole is that it is much cheaper than naphthotriazole 
(currently £2.25 for 100 g compared with £45.6 for 100 g).
An addition of 0.12 g/1 benzotriazole to either tap or distilled water was
found to be effective in reducing the rate of corrosion of copper and the
subsequent pitting of aluminium foil immersed in the same water. This work
confirms previous observations that benzotriazole inhibits the corrosion of
23 50copper-aluminium couples 5 . It can be argued that, because benzotriazole
reduces the rate of attack of copper, it follows that it also decreases-the 
detrimental effects that can be produced by the ions formed during corrosion.
As a consequence of this, it should prevent the pitting of aluminium,which 
is caused by the formation of local active-passive cells, at areas where 
copper ions are deposited on to the immersed aluminium foil.
7.2.3. The Effect of the Pretreatment of Copper with Benzotriazole
It has been shown in this work that benzotriazole:
(1) produced a protective film on copper dipped in benzotriazole solutions, 
but these films were normally not as effective in resisting corrosion as 
those obtained when the inhibitor was added to the test solutions; how­
ever, the relative protection due to the film was much better for the 
dipped specimens than that obtained when benzotriazole was added to some 
complexing and oxidizing solutions (section 4.7);
(2) was better than triazole and naphthotriazole in forming a corrosion 
resistant film on copper (section 4.12);
(3) formed, during a pretreatment dip, a film more resistant to corrosion 
and reduced the subsequent pitting of aluminium immersed in the same 
tap water to a greater extent than obtained by adding 0.12 g/1 benzo­
triazole to the water (section 4.13);
(4) gave some protection against oxidation in air, at temperatures below 
about _350°C, to copper which had been pretreated in a hot aqueous 
solution of benzotriazole (section 4.14).
Tests have been carried out in this work to compare and contrast the 
different behaviour of benzotriazole as an inhibitor when applied as a film 
or in a solution, and these show that the pretreatment of copper by immersion 
in a hot aqueous solution of benzotriazole increased the resistance to 
corrosion. This process did not produce as much inhibition as the addition 
of 0.12 g/1 benzotriazole in several solutions and, in a few solutions, even 
appeared to increase the corrosion (section 4.7). However, the dipped copper 
was much better at resisting corrosion than.the coating obtained when an 
addition of 0.12 g/1 benzotriazole was made to solutions of ammonia, ammonium 
chloride and ferric chloride, and there was also a decrease in the pitting of 
aluminium, immersed with the copper, in tap water.
It is generally agreed that this pretreatment reinforces the existing oxide 
film on the copper and improves the corrosion resistance. However,, it is not 
clear why the pretreatment 'has sometimes been found to increase the rate of 
corrosion of copper. In this work, it was discovered that a pretreatment 
consisting of immersion for five minutes in a 0.25% benzotriazole solution at
60°C gave irreproducible results (section 4.13), and sometimes increased 
the corrosion rate, while another pretreatment of thirty minutes immersion 
in a 5% solution at 80°C appeared to give very much better resistance to 
corrosion. It was considered that the shorter process probably produced an 
incomplete copper benzotriazole film which could give a combination of active 
and passive regions on the surface and accelerate the rate of corrosion: this
effect can be compared with that produced by the use of an insufficient 
quantity of an anodic inhibitor. The longer process was thought to increase 
the adsorption and to form a more continuous and protective film of benzo­
triazole which gave a high degree of corrosion inhibition. The fact that, 
during the pretreatment, the copper was. immersed at a higher temperature for 
a longer time, means that a thicker oxide film would be expected to form, 
because the growth process is usually considered to be controlled by the 
diffusion of oxygen to the surface. Therefore, the treatment in a 5% solution 
for thirty minutes at 80°C results in a very much more protective film.
The copper benzotriazole film on the surface of dipped copper gave a higher 
degree of protection when immersed in solutions of ammonia, ammonium chloride 
and ferric chloride, than that afforded by the addition of 0.12 g/1 benzo­
triazole to the solutions. Thus, it appears that, once the protective film 
has been formed, it can resist corrosion even in some complexing and oxidizing 
solutions, in which the addition of benzotriazole to the solution itself has 
been shown to be ineffective. Therefore, it is clear that, once the benzo­
triazole has been adsorbed on to the copper surface, it is not easily affected 
by these solutions even though benzotriazole dissolved in these solutions 
appears to act as a poor inhibitor.
It is interesting to note that the surface film produced by dipping also
reduced the rate of oxidation of copper at temperatures up to about 350°C.
43This observation confirms the work of Cotton and Scholes , who unfortunately 
did not give any quantitative data, and is interesting in the light of the fact 
that the copper benzotriazole complexes have been found to be thermally stable 
only up to about 250°C.
It can be concluded that the bond between the copper surface and the benzo­
triazole must be quite strong, because it withstands attack in agressive 
solutions and also is stable at high temperatures in air. These observations 
are consistent with the view that benzotriazole is chemically and not physically 
adsorbed on to the surface-of the copper.
7.3. Effect of Benzotriazole on the Nucleation, Surface and Structure
of Copper Electrodeposits
It was observed*in chapter 5 that the appearance of the copper deposits 
depended upon the plating conditions and the solution used. In the first 
part, of this section, the effects of these variables are discussed for 
deposits from the plain bath and, in the second, for deposits from the bath 
containing benzotriazole. Because of the widespread nature of the experimental 
work, it is intended now to summarize briefly the outcome of the present study 
and then to discuss the significance of these results in greater detail.
7..3.1. Deposits from the Plain Solution
It has been shown in this work that copper plated.from the bath containing 
no addition agent:
(1) grew from flat sided nuclei with straight edges, which appeared to be 
single crystals (sections 5.2 and 5.4);
(2) was coarsely grained when high bath temperatures and low current
densities were used, and finely grained with low bath temperatures and
high current densities (section 5.3);
(3) was slightly powdery when produced at low temperatures and high current 
densities (section 5.3); ~
(4) had a very smooth surface when the solution was ultrasonicaliy agitated
as compared with deposits from still or magnetically stirred solutions
(section -5.4);
(5) improved in quality, i.e. was less powdery, and the surface became 
smoother as the solution agitation increased (section 5.5).
Nucleation of Deposits
2This work on the copper plated at a current density of 215 A/m , showed
isolated growth centres and crystals that were bounded by facets with definite
99-101crystallographic indices, which confirms the results of Pick and others
The actual shape and distribution of these nuclei is known to depend upon the
9 7  1 2 0  9 9  9 9  1 0 7  1 0 9
orientation of the basis metal 9 and the current density 9 9 9
In the present study the nuclei had various forms because they were growing
on different grains in a polycrystalline cathode; they were assumed to continue
to grow and then to merge,appearing as grains and grain boundaries where the
cross-section was viewed (see Fig. 5.2.(f)). The current density is important
because it controls the rate of deposition’ of the ions. If it is low, a high
rate of surface diffusion can occur to the most favourable crystallographic
sites on the polycrystalline cathode and a relatively low degree of
nucleation occurs with the formation of crystals with regular facets. This
2is shown in Fig. 5.4(b), for which a current density of 20 A/m was used,
I
resulting in the growth mechanism being controlled by crystallographic
2considerations. However, with the higher current density of 215 A/m there
is less opportunity for surface diffusion and a more irregular surface is
produced, as shown in Figs. 5.4 and 5.8 {(a) and (b)}, in which the growth
mechanism is under diffusion control.
\
Effect of Ionic Mobility on the Surface Appearance
The mobility of the copper ions in the solution and on the cathodic surface
probably controls the rate of nucleation, the surface appearance, the grain 
size ana the hardness of the deposits. In order to investigate this effect, 
copper was plated over a range of five bath temperatures and five current 
densities and the surface of each of the resulting deposits was photographed 
(Fig. 5.3).
It is well established that the mobility of the copper ions increases as the 
solut.ion temperature is raised. This enables an easier migration of ions 
to and from the cathodic surface and reduces the cathodic polarization which, 
together with the improved surface diffusion, allows depositing ions to move 
into suitable sites for nucleation and also for the continued growth of 
nuclei. Because the ions are more mobile at higher solution temperatures, 
one would expect fewer nuclei to be formed and larger grains to.be produced.
At lower temperatures, with less ionic mobility, smaller grains would be. 
formed. As already mentioned above, there is less opportunity for ionic 
movement at the cathodic surface when high current densities and, therefore, 
high deposition rates occur, and this must result in more nuclei and a smaller 
grain size. One consequence of a very fine grain size is that the surface 
of the deposit would appear to be smoother* brighter and more uniform than 
that obtained with a coarse grained deposit. Fig. 5.3 shows clearly the 
validity of this argument, where, large grain sizes result from high 
tenperatures and low current densities, thus giving the experimental 
evidence for the effect of the mobility of the ions on the surface of the 
deposits.
Effect of Solution Agitation on the Surface Appearance
Agitation of the plating solution can, be considered to have several effects:
(1) to increase the ionic movement in the solution;
(2) to reduce the concentration polarization at the cathodic surface;
(3) to encourage the movement of impurities to the cathodic surface;
(4) to increase the passivity of the cathode.
The first two of these effects would normally increase the mobility of the 
copper ions on the cathode surface, reduce nucleation, increase the grain
size and give a coarse surface. However, since the foreign particles at
. 117 .the surface can act as nuclei , an increase m  the agitation raises the
Srhajler
number of these particles and should lead to a^grain size. At the sane time, 
agitation of the solution can also encourage the formation of an oxide film 
on the surface of the cathode, due to the greater supply of oxygen, and thus 
increase the passivity of the surface and also the rate of nucleation, 
because of the large number of oxide particles. From Fig. 5.4, it is clear 
that ultrasonic vibration of the solution assists nucleation and the 
formation of a smoother surface and, therefore, effects (3) and (4) are 
consider to predominate over effects (1) and (2) under these'experimental
241conditions. It is worth noting that, under other experimental conditions , 
solution agitation has been.observed to increase the grain size, so it can 
be assumed that in these cases effects (1) and (2) must have been more 
predominant than (3) and (4). The fact that solution agitation improved the 
quality of the powdery deposits from the plain bath (see Fig. 5.5) suggests 
that the increased mobility of the copper ions and the reduced cathodic 
polarization appear to be the important factors. Thus, it could be argued 
that if more copper ions can reach the cathodic surface,. there * is less 
possibility of the formation of hydrogen gas and/or the production of powdery 
deposits, both of which have been previously observed in plating from still 
solutions containing very low concentration's of copper sulphate (section 
6.2.2).
Formation_of Powdery Deposits
Powdery copper deposits were sometimes produced in this work while studying 
the cathodic current efficiency (sections 6.2.2 and 6.2.4), throwing power 
(section 6.3.2 and 6.3.4) and surface appearance (section 5.3). It is 
interesting to note that in most of these cases hydrogen evolution was also 
observed and the use of ultrasonic agitation of the solution improved the 
quality of the.deposit by-reducing the powdery nature.
It is a known fact that the use of high current densities may produce powdery 
deposits. The upper current density limit for the deposition of good
deposits is considered to be the value at which the rate of copper ion 
discharge exceeds the rate of diffusion of the ions to the cathodic surface 
It is given by the following form of the Nernst Equation:
AC. D. nF
1 = ------- r~---- -
where i = current density
AC = the copper ion concentration difference across the diffusion 
layer of thickness 6 
D = diffusion coefficient
nF = Faradaic discharge constants. •
The maximum value of A C occurs when the copper ion concentration at the 
surface is zero and the current density then reaches its limiting value 
denoted by iT. According to this theory powdery deposits start to form whenJj
the current density has a value of 0.4 i to 0.7 i depending upon the
80 299plating conditions 5 (in particular the flow rate of the' solution).
Let us now consider the factors in the above equation which could affect 
the value of the limiting current density. At low solution temperatures, 
the mobility or diffusion of the copper ions is low, the concentration at 
the cathodic surface is probably very small and the diffusion layer thick­
ness is relatively high, so that the overall effect is a slow diffusion of 
ions to the cathode surface leading to a low limiting current density. This
could explain the formation of the powdery copper deposits at a solution
2temperature of 3°C with a current density of 215 A/m .
In baths containing 10 g/1 and 40 g/1 copper sulphate there is probably a
low concentration gradient across the double layer. Thus, with these weak
solutions, the rate of diffusion of copper ions to the cathode is low and,
therefore, the limiting current density is low, so that powdery deposits are
2formed at a current density of 215 A/m
It is notable that ultrasonic agitation of the solution prevented the
formation of powdery deposits which were produced from still solutions at
2 2current densities of 290 A/m and 385 A/in . Ultrasonic vibrations are 
considered to reduce the thickness of the diffusion layer (see literature 
■review-1,3.6), so increasing the diffusion of ions to the cathode .and 
raising the limiting current density. The addition of benzotriazole to 
the plating solution had very little effect on the critical current density 
and formation of powdery deposits (see 6.2.2 and 6.3.4); this confirms the
results obtained by Gabe and Robinson
Therefore, by considering the Nernst Equation and the rates of ionic 
discharge and diffusion to the cathodic surface, the production of 
powdery deposits can be explained at low solution temperatures and from 
baths containing low concentrations of copper sulphate. The beneficial 
effect of ultrasonic agitation of the solution can also be understood 
from this theory.
The physical production of the powdery copper deposits may be linked to 
the codeposition of hydrogen which was observed in section 6.2.2. Thus,
nascent hydrogen on the surface of the cathode may be considered to react
with the depositing cupric or cuprous ions and to reduce them to a finely 
divided copper powder according to the equations:
Cu2+ + 2H -> Cu 4- + 2H+
. Cu+ + H + Cu 1 + H+
This copper could then either remain as a fine powder or be oxidized by 
dissolved oxygen in the bath to give oxides. In both cases a dark, powdery
appearance would be produced on the cathode.
Another possible explanation is that copper is plated in the form of
. . 299dendritic, nodular or tree-like growths . In this theory the deposits
are considered to grow outwards from the surface and through the double 
layer formed on the surface by the depletion of copper ions in the electro­
lyte. Thus, deposition can occur directly from the bulk solution on to the 
dendrites where there is a much higher concentration of copper ions, so that 
the discharge process is not limited by diffusion of the ions through the 
double layer. A coating formed by this mechanism would be mechanically weak 
and would appear as a powdery growth on the surface; this theory is supported 
by the powdery dendritic growth shown in Fig. 5.3(a).
7.3.2. Deposits from Solutions Containing Benzotriazole
In this section it is intended first to briefly summarize the results 
obtained and then to compare and contrast them with those for the pure 
deposits. It has been shown in this work that copper plated from solutions 
containing benzotriazole:
(1) grew from reniform,i.e. kidney shaped nuclei (section 5.2);
(2) was much brighter, smoother and more highly stressed than that from 
the plain bath (section 5.5);
(3) appeared to consist of truncated crystals when low concentrations of 
benzotriazole were used and had a nodular growth tithen there was more 
than about 0.01 g/1 benzotriazole in the solution (section 5.6);
(4) had poor adhesion if more than 0.2 g/1 benzotriazole was used and
showed a layered structure with concentrations above about 0.12 g/1 
and usually a banded structure below this value (section 5.7);
(5) had a smoother and brighter surface, consisting of small nodules, than
the deposits from the plain bath which were matt and consisted of flat 
faced, angular crystals (section 5.8);
(6) produced broadening of X-ray lines, with a lattice parameter almost the 
same as that of pure copper (section 5.9).
Let us now consider in turn the significance of these conclusions.
Nucleation of Deposits
The effect of addition agents on the nucleation and growth of electrodeposits 
has been reviewed in section 1.2.6. The addition agent or surface active 
substance is considered to be adsorbed on to the surface of the cathode 
before deposition and also on to the surface of the growing crystals, thus
preventing epitaxial growth, modifying the shape of the crystals and changing
. . 126,137,141,145the structure and properties of the coating .
The effect of 0.119 g/1 benzotriazole on the nucleation of copper plated unde
the normal conditions is found to act in the above manner. An adsorbed film
of benzotriazole is thought to be formed over the whole of the copper cathode
and this prevents epitaxial growth, i.e. the "basis orientated reproduction
12 6growth" (in the Fischer classification ). This film may weaken the
adhesion of the deposit to the substrate and this property has been patented
166for the production of electroformed articles . For deposition to take 
place, discharge of copper ions must occur on top of this benzotriazole 
surface layer and probably does so at positions where the film is weak, 
giving an "unorientated dispersion type" of growth (Fischer’s classification 
and a nodular growth could be expected to form. However, if there is a high 
residual concentration of benzotriazole in the plating solution, as reported 
in section 5.2 when 0.119 g/1 benzotriazole was used, an adsorbed film may 
occur again on these nodules and then growth continues at random points on 
the hemispherical surface.. Hence, the formation of reriiform nuclei shown in 
Fig. 5.2 can be considered to be due to the continual process of nodular 
growth followed by surface adsorption and more nodular growth on the existing 
nodules.
Cross Sectional Structure of Deposits
The classical theory of deposition of solutions containing surface active
agents suggests that the initial adsorption occurs preferentially on the
growth peaks, resulting in the inhibition of ionic discharge at these areas,
and then further adsorption and inhibition occur at other areas. This is
156supported by the observation of Beacon and Riley , who used radio-tracers 
to show that the inclusion content of an addition agent is higher at the peaks 
than in the valleys of the deposit. As unhindered deposition occurs in the 
recesses and not on the prominences, a level surface is formed, and this
158theory of levelling has been developed from the work of Foulke and Kardos
101and also Watson and Edwards .
The adsorption of benzotriazole, from solutions containing different 
concentrations, on to the growing copper surfaces is now considered in the 
light of the above theory. This levelling action is indicated in the cross- 
sections of the coatings in Fig. 5.5, which show that the deposits from a bath 
containing 0.12 g/1 benzotriazole are very smooth and consist of a layer, 
structure with the lamellae parallel to the substrate. The smoothness of the 
surface also produces reflective coatings, as shown in Fig. 5.8, in which the 
brightness appears to be related to the smoothness.
Let us now consider the structure of the copper plated from solutions 
containing different concentrations of benzotriazole (see Fig. 5.7). During 
deposition the current was switched off three times, for periods of one, five 
and a further five minutes, to encourage adsorption and banding. It is 
generally thought that the degree of adsorption on a surface in a solution 
depends upon the concentration of the surface active agent and the time of 
immersion. If a sufficient concentration of adsorbed material were attracted 
to this surface it would produce banding in this coating. This banding would 
be visible when the cross-section of the deposit is viewed and the lines 
formed should be parallel to the original surface of. the substrate, if uniform 
deposition occurs, the strength of the bonds depending upon the extent of 
adsorption.
It can be seen from the photographs, Fig. 5.7((b), (c) and (d)), that there 
was insufficient adsorption to produce any banding in the solutions containing 
low concentrations of benzotriazole during the period of one minute when the 
current was switched off. However, when the period of adsorption was increased 
to five minutes, bands did appear in the deposits from the solutions containing 
0.005 and 0.01 g/1 benzotriazole. This adsorption must have decreased the 
remaining concentration to-a level that was insufficient to give banding .when
the current was switched off for the second period of five minutes. With 
concentrations above 0.05 g/1 benzotriazole, banding occurred during all 
the breaks in plating, as is to be expected because much higher concentrations 
of additive were present in the bath. The adsorption can also be seen to 
have reduced the adhesion, during both the five minute breaks, in the deposits 
from the solutions containing 0.2 and 0.3 g/1 benzotriazole.
A different, but allied, phenomenon is often found in the structure of bright
electrodeposits. This is the codeposition of the addition agent in coarse or
71 68fine layers in the deposit and has been observed by Prall and Kendall
. . 142in bright copper deposits from solutions containing benzotriazole, by Raub
in bright nickel deposits containing formalin and also with thiourea, and in 
silver with cyanide. Many theories have been proposed to explain this pheno­
menon of layering in deposits,including the supersaturation and delayed 
precipitation of the addition agent in the cathodic double layer. Another 
view is that in the diffusion layer at the cathode a critical concentration 
of the discharging ion and the addition agent has to be attained before each 
band is formed during deposition. In both mechanisms, the concentration of 
benzotriazole in the double layer decreases after the band has been formed 
and copper alone is then deposited. The thickness and distribution of these 
bands depend upon the concentration of addition agent in the solution and 
the plating conditions. It is not possible from observations in this work 
to decide which of the above suggestions applies in the formation of bands 
in the copper deposits from the solution containing benzotriazole, because 
either could be used to explain the decrease in density of the bands in a 
deposit from a solution in which the concentration of benzotriazole decreased 
during plating (see Figs. 5.7(f) and 6.5.7).
Surface Appearance of Deposits
Let us now consider, in the light of the above classical theory, the effect of 
benzotriazole in the solution on the surface appearance of the copper deposits, 
which should be influenced by the concentration of benzotriazole. Because 
benzotriazole is known to be chemisorbed on to copper surfaces, it is probable 
that the surface film formed on cathodic areas would hinder further electro- 
deposition at these areas. With low concentrations of benzotriazole (0.0001 
g/1 to 0.005 g/1), it can be argued that there is only partial coverage of 
the cathode and the additive is probably preferentially adsorbed on to the 
most prominent areas of the cathode, which are the pyramidal peaks, and there 
would be little or no adsorption at the recessed areas. Thus, if discharge 
at these peak sites is effectively blocked by adsorption, the depositing ions 
must discharge at other points on the sides of the pyramids . This means that 
growth is encouraged in a lateral, rather than a vertical direction, which
results in the production of flat platelets growing sideways until they , 
meet. It would follow that this formation of flat topped crystals is 
encouraged by the presence of relatively large concentrations of benzo­
triazole in the solution and thus an increased adsorption, which indeed can 
be seen in Fig. 5.6 (l)(b) to (e) giving weight to the validity of the above 
assumptions.
It appears from the present experimental work that, with concentrations of
0..01 g/1 benzotriazole and above, the shape of the growing particles became
nodular and very different from the truncated pyramids obtained with lower
additions. At these higher concentrations, it is probable that the surface
is completely covered with adsorbed material which prevents epitaxial or
"basis orientated" growth. This adsorbed surface layer effectively blocks
the growth of the existing crystals and, for further discharge, nucleation
of new crystallites must occur over the new surface. The new growth appears
126 .to be randomly orientated, or according to Fischer the "unorientated 
dispersion" type of growth. The size of the nodules again seems to be a 
function of the benzotriazole concentration and was very small at the lower 
concentrations but increased to a steady size with additions of 0.12, 0.2 
and 0.3 g/1.
The copper deposits, plated from solutions containing 0.12, 0.2 and 0.3 g/1 
benzotriazole were all very bright, which is probably due to the fact that 
the nodules on the surface were much flatter than those on the deposit from 
the solution containing 0.05 g/1, which were smaller and more irregular. At 
higher concentrations the surface became less bright and was covered with 
particles or precipitates which stopped light being reflected. It is not 
clear, without further work,, why this type of surface should be produced. 
However, it is probable that any addition to the copper sulphate bath which 
promotes this type of nodular growth would lead to bright deposits, providing 
that surface precipitates did not form.
X-ray diffraction techniques have been used to indicate the grain size and 
the stress in electrodeposited metals and to investigate the effect of 
addition agents in the plating solution. In this work it was considered that 
the X-ray powder and backreflection methods could be used, to examine the 
deposits from the plain bath and also from the bath containing 0.119 g/1 
benzotriazole, so that a comparison could be made between the photographs, 
produced.
The deposits containing codeposited cuprous benzotriazolate gave diffuse 
X-ray diffraction lines in both the powder and the back reflection methods.
•It is generally considered that the formation of diffuse lines can be 
ascribed to several effects including: '
(1) a very small grain size;
(2) a high internal stress;
(3) the heterogeneous distribution of a second phase.
Although the powdery deposits produced from the plain solution using a high 
current density had a fine grain size, the X-ray diffraction lines were 
quite sharp, so that this small grain size does not appear to result in line 
broadening. Because the dendritic shape of the crystals indicates growth 
under equilibrium conditions, these deposits are not considered to have a 
high stress, so the sharp X-ray lines observed can be considered to confirm 
the low stress.
The deposits from the bath containing 0.119 g/1 benzotriazole gave broad
X-ray lines that could be due to effects (1), (2) and (3). The work described
in section 6.4.2 indicated that the deposits had a very fine grain size (mean
intercept length 0.1 to 1.0 * 10 ° m) which could be expected to produce the
295diffuseness. However, according to Barrett and others , line broadening
—6occurs•only if the grain or particle size is less than about 10 m so this 
explanation is no longer considered. The deposits have been shown to have a 
high internal stress of the order of 50 MN/m (see section 6.6.3) and this may 
be responsible for the line broadening. It is considered that.the presence 
of cuprous benzotriazolate in the copper deposits can give lattice distortion 
and a widening of the X-ray lines, if it is in a heterogeneous state. 
Alternatively, if it is present as a solid solution or in another homogeneous 
form, it can produce a change in the lattice parameter. The fact that the 
benzotriazole appeared to be incorporated as layers in the deposit from the 
bath containing 0.119 g/1 benzotriazole (see Fig. 5.7) means that it was not 
present in a homogeneous state, so that it should not produce any change in 
the lattice parameter. It can be seen from the X-ray photographs in Fig. 5.9 
that no such change was produced. The line broadening with these deposits 
is, therefore, considered to be due to the presence of a high stress and/or 
the codeposited cuprous benzotriazolate.
In order to determine the cause of the line broadening in the deposits 
containing benzotriazole, a comparison was made between the X-ray pictures 
for these deposits before and §fter annealing in a vacuum for 3 hours at
300°C. The annealing temperature of 300°C was chosen because the differential
thermal analysis work indicated that the copper benzotriazole complex was
stable at this temperature. The observed reduction in the line diffuseness
is considered to be due to neither an increase in the grain size, (because
grain growth is not thought to occur at a temperature as low as 300°C and the
295
grain size was initially too large ), nor to a change in the codeposited 
cuprous benzotriazolate (effect (2)). Therefore, the decrease in line 
broadening is thought to be produced by a reduction in the internal stress 
in the deposits (effect (3)) and the residual diffuseness could be due to 
the codeposited benzotriazole.
The relief of internal stress in copper electrodeposits by a heat treatment 
at 300°C for three hours has been investigated experimentally. The deflection 
in a narrow cathode strip, plated on only one side with copper, was found 
to decrease during heating, so confirming the reduction in the stress found 
in the.X-ray work (effect (3)).
7.4 Effect of Benzotriazole on some Properties of the Solution and
Deposits
The presence of benzotriazole in the plating bath has been shown to increase 
the hardness and to change the stress of deposits, the actual magnitude 
of these changes being controlled by the composition of the bath and the 
plating conditions. Prior to this work the effect of these variables had 
not been determined systematically, as can be seen from the literature 
section 1.2.7*
In this discussion the effects of the various plating conditions on the 
properties of the solutions and the deposits from the plain bath are 
considered. The effect of the benzotriazole on the structure of the coating 
has already been investigated and discussed in section 7*3 and the modifi­
cations to the properties of the deposits are now discussed in the light of 
these.new results.
7.4.1 Properties of the Plating Solution
Let us first consider the properties of the plain plating solution and then 
compare them with those of the solution containing benzotriazole. It has 
been established that during electrolysis, changes in the concentration of 
the bath and/or the production of hydrogen gas may have a direct bearing 
on the current efficiencies and both these effects have been studied because 
they may also affect the hardness and stress of the deposits. The throwing 
power of the plating solutions was measured under various experimental condi­
tions, because it has a practical significance in the production of uniformly 
thick coatings in commercial plating.
Current_ Ef f i ciency
In this work the current efficiency has been found to vary with the
plating conditions and any theory regarding the physical nature of the
deposits must account for the following observed facts. The cathodic
current efficiency increased and then became steady as the concentration
of copper sulphate was raised to 100 g/l (section 6.2.2) and also as the
current density was raised to 213 k/xb' at bath temperatures of 11°C, 27°C
and 33°C (section 6.2.3)* However, it increased steadily at a temperature
of 77°C (section 6.2.3) Hut decreased at 3°C (section 6.2.4) as the current
density was raised. It is worth noting that hydrogen was evolved during
plating from the baths containing 10 g/l and 40 g/l copper sulphate (section
6.2.2) and powdery deposits were formed in solutions at J>°G with current
2 2densities of 215 A/m and 430 A/m (section 6.2.4). Ultrasonic agitation 
of the solution increased the limiting current density, decreased the
2cathodic current efficiency at current densities below 130 A/m and
2
increased it above 130 A/m (section 6.2.3)* The cathodic current efficiency 
was low at low solution temperatures with current densities of 110, 213 and 
bj>0 A/m (section 6.2.*f), whereas the anodic current efficiency changed very 
little with variations in the copper sulphate concentration, except with.
2^0 g/l when it was much lower (section 6.2.2).
Let us now consider these points in greater detail and see whether they 
conform to the known theories. There are two main reasons why the current 
efficiency is important and may affect the properties of the deposits. 
Firstly, a change in the concentration of copper ions in the plating solution 
does occur, if the anodic and cathodic current efficiencies are not the same, 
and this may modify the properties and, secondly, the production of hydrogen 
gas which often occurs with a low cathodic current efficiency, may produce 
poor quality deposits as already discussed in section 7*3*
The change in the concentration of copper ions is usually undesirable,
because some properties of the electrodeposits depend upon the bath
composition and are difficult to control. Thus, if the copper sulphate
concentration drops to about 70 g/l it leads to the production of poor
quality powdery deposits. Hence, the regular addition of copper sulphate
to the bath may be necessary to maintain the composition. The production
of hydrogen gas may also encourage the formation of powdery deposits and,
if the gas enters the lattice of either the copper or the substrate, it
is considered that it can create internal stresses in the coating. However,
the results shown in section 6.2.2 indicate that both these effects are .
minimized if the bath contains about 123 g/l copper sulphate and, therefore,
2^2they confirm the observation of Shreir and Smith that a bath with 123 g/l 
copper sulphate gave the most reproducible results.
In cases where the cathodic current efficiency is less than 100^ there 
must be some alternative reaction to:
r 2 +  Cu + 2e ■ ■— jt> Cu (1)
cathodic reactions can be postulated
4*
2H + 2e
H 2
(2)
2+Cu + Cu
4-
2Cu (3)
2+Cu + e Cu W
’ H p S O h  p  ■
X Cu + ^0 -*■ Cu 0 — -— *> Cu (3)X
At very low concentrations of copper sulphate, hydrogen evolution was
observed (section 6.2.2), so it can be presumed that under these conditions 
reactions (1) and (2) occurred simultaneously. As the concentration of 
copper ions was raised, reaction (l) became relatively much more probable 
and the evolution of hydrogen (2) decreased. The other conditions that 
favoured a low cathodic current efficiency were a low current density and
a low solution temperature (sections 6.2.3 £Oid 6.2.4). With current densities
2 2 1 
of 21.5 Vrn and 430 A/m , at a temperature of 3 C, powdery deposits were
produced but no hydrogen evolution was actually observed, although it may
have occurred since the solubility of hydrogen in the solution is higher
and the rate of production of. hydrogen is lower,as-the temperature is
decreased. It is difficult to ascertain which of the four reactions is
responsible for the decrease in the current efficiency, because both cuprous
and cupr.ic ions are present and their relative concentrations depend upon
the electrolyte conditions. However, all three reactions (3) to (5) may
occur,but are not considered now because they probably do not influence
the properties of the deposits in the same, manner as the evolution of
hydrogen (2).
The concentration of copper ions in the solutions containing 
low amounts of copper sulphate increased during the experiments because 
the anodic current efficiency was much higher than the cathodic current 
efficiency. Therefore, as plating proceeded, the concentration of copper 
ions, and consequently the cathodic current efficiency, increased. The low 
anodic current efficiency of the bath containing 240 g/l copper sulphate 
had little relative effect on the high concentration of copper ions 
during the period of these experiments.
At high current densities and low bath temperatures powdery 
copper deposits were produced and hydrogen was evolved (section 6.2.4).
These deposits were of a poor quality and were produced only when the 
limiting current density was exceeded. Ultrasonic agitation of the plating 
solution increased the. limiting current density and prevented the evolution 
of hydrogen (section 6.2.5)? probably by reducing the cathodic double layer 
and.consequently lowering the concentration polarization. Because the 
formation of powdery deposits has already been discussed in Section 7*3*1? 
it is not considered here. The main conclusions arising from this, work, 
relevant in the electroplating of copper, are that hydrogen gas may be 
evolved during deposition, poor quality powdery deposits can be formed 
above the limiting current density and changes do occur in-the concentration 
of the copper sulphate in the plating bath, under those conditions where 
the anodic and cathodic current efficiencies are different. This last
effect is usually only significant if the plating solution contains a 
very low concentration of copper sulphate, but is not important in the 
present work because plating occurred for a short time only and, therefore, 
produced very little change in the overall concentration of the electrolyte. 
Thrpwjing_ Power
Let us now consider the work on the throwing power of the copper sulphate- 
sulphuric acid plating bath and its dependence upon the plating conditions.
The main changes which have been observed and will be discussed are that 
the throwing power was higher for still solutions than for ultrasonically 
agitated solutions (sections 6.3*2 and 6.3*4), decreased as the current 
density was raised in the ultrasonic bath (sections 6.3*2 and 6.3*4) and 
decreased as the temperature of the still bath was raised (section 6.3*3)* 
However, for still solutions, the. throwing power decreased at first, and 
then increased, as the current density was raised, with powdery deposits 
being formed at current densities of 290 A/m and above (sections 6.3*2 and
6.3*4).
These results confirmed those found in the literature review (section 1.3*7) 
where polarization and current efficiency effects were used to account for 
these changes. It is considered that one effect of rasing the current 
density in the Haring-Blum cell was to increase the concentration polarization, 
particularly at the cathode nearer to the anode; this higher polarization 
should result in more deposition at the other cathode, lower the metal 
distribution ratio and increase the throwing power. This was found to 
occur in both the still and the ultrasonically agitated solutions. Because 
ultrasonic agitation of solutions is known to reduce the concentration 
polarization, it can be used to produce good quality deposits at high 
current densities when powdery deposits are normally formed. Therefore, 
under these conditions ultrasonic agitation should raise the cathodic 
current efficiency and lower the throwing power, as indeed was observed in
i
this work.
Because an increase in the bath temperature increases the ionic mobility
and reduces the polarization, it should produce a decrease in the throwing
power of a plating solution. In this work the throwing power has been
found to decrease considerably with an increase in the solution temperature.
212This supports the above theory and confirms the results of Haring and Blum
It may be concluded that, to produce good quality copper deposits in 
commercial plating, the best conditions for a high throwing power from the 
plain bath are a low current density and a low solution temperature;
unfortunately these conditions are n'ot of commercial interest because of 
the slow rate of deposition.
.PJL 2: £°w£?l
In this work an addition of 0.12 g/l benzotriazole to the plating solution 
has been found to modify both the cathodic current efficiency and the 
throwing power and these effects are now discussed together.
In comparison with the plain bath? the presence of benzotriazole gave 
brighter deposits (section 6.2.2 and 6.2.6) and raised the limiting current 
density in the still bath (sections 6.2.6 and 6.3*^)• It had virtually no 
effect on the cathodic current efficiency as
(1) the copper sulphate concentration was raised (except for the decrease 
with 10 g/l? see section 6.2.2)5 and
(2) as the current density was raised in the still and ultrasonically
2agitated solutions (except for an increase at 3§3 A/m ? see section
6.2.6). However? benzotriazole lowered the throwing power at current
2 2 densities up to 130 A/m and increased it above 130 A/m in both the
still and ultrasonically agitated solutions (section 6.3»^)»
As regards this part of the research no comparison can be made with previous
results because there appears to be no published data on the effect of
benzotriazole on either the cathodic current efficiency or the throwing
power of this acid copper sulphate plating bath. The preferential adsorption
of benzotriazole on the peaks of the cathode? where the current density is
a maximum? has already been discussed (section 7*3) in relation to the
production of level and bright deposits. On a macroscale? rather than a
microscale? this adsorption should lead to more deposition on low current
density surfaces and less on the high current density areas. This indeed
is observed in section 6.3*^ - with current densities above 130 A/m and is
manifest in a reduced metal distribution ratio and a higher throwing -power
than obtained with the plain bath. However? at relatively low current
densities, this preferential adsorption probably does not occur to the same
extent and other effects can become more important,such as the formation of
the conper-benzotriazole complex which reduces the activity of the copper 
79~ions . Thus? at low current densities? the rate of deposition is slower 
and more formation of the complex can occur? resulting in less deposition 
and a lower throwing.power? as found in section 6.3. The .production of 
the complex reduces the concentration of copper ions and can account for 
the decrease in the cathodic current efficiency that is particularly notice­
able in the solution containing only 10 g/l copper sulphate. At higher
concentrations the relative effect of the complex in reducing the 
concentration of copper ions,appears to be insignificant.
7**f*2 Properties of the Co-p-per Deposits from the Plain Bath
The values of the grain size, hardness and internal stress of the deposits 
from the plain bath have been carefully and systematically measured in 
this work, so that they could be analysed and examined for any relationship 
between--the properties. It is intended to summarize and then discuss the 
results.
Grain Size
The grain size of copper electrodeposits was affected by the plating variables 
and increased as the bath temperature was raised (section 6.^.2), as the 
current density was lowered (sections 6.^.2 and 6.^.3) and as the solution 
agitation decreased (section 6.4.3)* The grain size was not affected by 
purification of the solution (section 6.4.4).
Let us now consider how these results can be explained in terms of the 
existing theories.
Prom the literature survey on the grain size of electro deposited metals 
(sections 1.3*1 and 1.3*2), it can be seen that the changes produced by
variations in the bath temperature, current density and solution agitation
150 -appear to confirm the results of Butts and DeNora •
It is generally considered that nucleation and grain growth depend upon 
the mobility and concentration of the depositing ions (as discussed in 
section 7*3)* Thus, as the bath temperature is raised, the mobility should 
increase and therefore the depositing ions become more able to move to 
existing nuclei and larger grains should form. As the current density 
is increased more ions should be deposited per unit area,resulting in less 
surface diffusion so that more nuclei would be formed and a smaller grain
size should result. Agitation of the solution is thought to increase
283 . passivity of the cathode and may accelerate the delivery of foreign
117particles that can then act as nuclei on the surface’ , and both these 
factors should reduce the grain size of the deposit as concluded in section 
7*3* It is interesting to note that the grain size does not appear to 
depend upon the purification which was carried out on the solutions: thus,
the nucleation appears to be independent of the impurities removed by 
boiling/e hydrogen peroxide, activated charcoal, filtration^of pre-electrolysis. 
Hardness
The hardness of copper deposits was affected by the plating variables and
increased with a reduction in the solution temperature (section 6.5*2), 
with an increase in both the current density (sections 6.5*2 and 6.5*3) snd 
the solution agitation (section 6.5*3) and with an increase in the concentra 
tion of impurities (section 6.5*^)*
From the literature on the hardness of electrodeposited metals (see sections 
1.3*^ and 1.3*5); it appears that the theories proposed to explain the high 
hardness of deposits are based upon the effects produced by the lattice 
distortion'caused by either occluded hydrogen^^’^ ^ ,185,231  ^ Qr 
oxides, or hydroxides, or.surface active agents and other foreign matter
179,18^,226,227 , ' ,, n . 138,170,171,179,18and also the effect ol a small gram size
The hardness values obtained are in good agreement with those reported in
the published literature (Tables 1.3*^ (a) and (b).). The results on the
hardness of copper deposits from the plain bath suggest that the most
probable of these theories is the one based on the grain size effect. Thus,
factors which increased the grain size decreased the hardness and vice versa
so that raising the bath temperature, lowering the current density and
increasing the solution agitation all produced a large grain size and a low
1G0
hardness. However, Raub and Muller thought that a high hardness should not 
necessarily be ascribed to a small grain size, but that the' factors which 
produce a small grain size can also give hard deposits;e.g. the presence of 
impurities may increase both the nucleation and the hardness. Since the 
results in this work show that purification decreased the hardness but did 
not affect the grain size, it follows that the grain size effect cannot be 
solely responsible for the hardness and that other factors such as the 
presence of impurities may also have a significant effect.
In order to investigate the quantitative relationship between the hardness 
of the copper deposits from the plain bath and the grain size, these 
parameters were plotted (Fig. 7.^(a)) and two curves with hyperbolic shape 
were obtained. The values were also plotted according to the:
(1) Hall-Petch equation"*^ (Fig. 7*^(b));
l86(2) Semi-logarithmic equation (Fig. 7*^(c)) and a computer was used to
evaluate and draw the lines by applying the method of least squares. . 
Although the semi-logarithmic equation appears to represent the relationship 
over the whole range slightly better than the Hall-Petch equation ,it is 
proposed to discuss the latter, because the former gives only a mathematical 
relationship. .
It is interesting to note that the Petch Equation has been applied to 
electrodeposited metals although it was originally produced for annealed
. 
VJ
1
H
ar
dn
es
s
140
130
120
110
X Impure Bath 
©  Pare Bathxx90
80
70
60
0 5 10 15 20 25 30
Grain Size d 10"6m
FIG. 7.4(a) DEPENDENCE OF HARDNESS ON GRAIN SIZE A T
D IFFER EN T CURRENT DENSITIES AND BATH TEM PERATURES.
H
ar
dn
es
s
150
140
130
120
110
100
K Impure Bath 
©  Pure Bath
0-2 0-4 0-6 0*8 1*0 1*20
Grain Size d “1/ 2(10”6m)*Vl
FIG. 7.4(b) VARIATION OF HARDNESS W ITH GRAIN SIZE
ACCORDING TO PETCH EQUATION H=Ho + kH d-!/2
Ha
rd
ne
ss
 
H
V
150
140
130
120
XX
110 -
100
XX
80 -
XX
70 - Impure Bath 
Pure Bath
0-60*40-2 0*8 1-00 1-2 1-40-2
Log10d 10"6m •
FIG. 7 .4(c) VARIATION OF HARDNESS W ITH GRAIN SIZE ACCORDING 
TO SEMI-LOGARITHMIC EQUATION H=A+B Log10d.
steel in a stress-free condition. However, in this work, the relationship 
appears to be obeyed only approximately because there is no straight line 
which can be drawn to give a good fit for all the points in Fig. 7«^(b).
The.deviation from the straight line may be due to the fact that the internal 
stress is high in deposits with a small grain size)whereas in. deposits with 
a large grain size^the stress is very low.
It may be concluded that the main factors which affect the hardness of the 
electrodeposited copper from the plain acidic sulphate bath are the grain 
size effect,(or factors which affect the grain size), and the codeposition 
of impurities from the plating solution.
Internal Stress
The internal stress of copper deposited from the plain bath was always 
tensile in nature and depended upon the plating conditions. The tensile 
stress was found to decrease with an increase in the concentration of 
copper sulphate in the bath (section 6.2.2), the temperature of the solution 
(section 6.6.3)s the solution agitation (section 6.6.9) and purification 
(section 3«7*l)» The stress also increased as the current density was 
raised.(section 6.6.4),but it was not affected by ageing either the 
solution (section 6.6.3) or the deposit (6.6.6), and it varied with the 
deposit thickness (section 6.6.7)*
The various theories that have been proposed to explain the cause of the
internal stress in electrodeposited metals have been discussed in section
I.3.3. It is generally agreed that the stressed condition results from a
small volume change that may occur during, or soon after, the deposition,
and an internal stress results if this volume change is restrained by the
138basis metal or the preceding layers of the deposit .
The chief problem in explaining the cause of the volume change in the 
deposit is to decide the cause of the initial unstable form of the 
deposited metal. There are many suggestions which may account for this 
unstable state and these include the existence of non-equilibrium conditions 
during deposition, the co-deposition of hydrogen or hydrides, the process . 
of joining together isolated plated particles to form denser solids and 
the incorporation of foreign substances in a metastable form in the deposit. 
There are also theoretical reasons for the existence of this unstable state 
and these include the excess energy theory involving deposition at high 
local temperatures and the formation of lattice defects.
The stress values in deposits from the plain bath were always relatively
low and tensile in nature and were of the same magnitude as those given
elswhere^^5^ ^ 5^ ^ R The results appear to confirm the previously reported 
179 1SUcorrelation ’ between a relatively high stress and deposition under 
non-equilibrium conditions. Thus, plating from a bath with a low concentra­
tion of copper sulphate, at a low solution temperature, a high current 
density and with a low solution agitation can be considered to occur under 
non-equilibrium conditions (with a high polarization) which are likely to 
produce a strained lattice. -
i
The stress values obtained in this work do not appear to support the theory 
that the evolution of hydrogen during deposition can produce copper deposits 
with a high stress^^,'L^ 5231. ^hus, the low cathodic current efficiency 
and evolution of hydrogen in solutions containing low concentrations of 
copper sulphate, reported in section 6.2.2., do not lead to a high stress 
in deposits (section 6.6.2.). Similarly, other plating conditions that 
resulted in a low cathodic current efficiency do not correspond to those 
producing highly stressed deposits.
Deposition under non-equilibrium conditions, such as low temperatures and 
high current densities, may be considered to result in a smaller grain size 
with more lattice defects and perhaps a higher concentration of isolated 
plated particles and codeposited foreign matter than deposition under equili­
brium conditions. No information about the excess energy theory can be 
obtained from the present results.
The fact that ageing the solution did not affect the stress in the deposits
(section 6.6.5) indicates that there is no significant change in the plating
solution during storage. The stress in the deposit from the plain bath did
not change after the completion of plating (section 6.6.6). This suggests
that the copper deposits were stable at the end of the plating and could
not have changed significantly, in volume, nor given off any gas/?or
dissolved and beenftf/eposited, all of which have been suggested to explain
the stress after-effect (already discussed in Section 1.3*5)• fact
that the stress varies with the deposit thickness (section 6.6.7) confirms 
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previous work 5 ’ and may be due to the fact that the metal ions
are being deposited on a cathodic surface which is continuously being 
deformed by bending.
The decrease in the tensile stress observed with purification of the 
plating solution (section 6.6.10) would tend to support the theory that the 
codeposition of impurities or foreign substances from the plating solution 
can increase the internal stress. However, the relative concentration and
nature of these impurities is important, because it is known that addition 
agents can increase the stress in either a tensile or a compressive 
direction.
These results do appear to confirm the previously observed relationship
I79-I82between a high tensile stress and a low grain size or factors which
produce a small grain size.
7-^-3 Properties of the Copper Deposits from the Bath containing Benzotriazole
The object of this section is to compare and contrast the results obtained 
for deposits from the plain bath with, those from one containing benzotriazole, 
produced under the same plating variables. The values of the grain size, 
hardness and internal stress of deposits from the bath containing 0.119 g/l 
(O.OOIM) benzotriazole have been carefully measured and examined for any 
relationship between the properties. It is now intended to summarize and 
then discuss the results.
Grain Size
The grain size of copper electrodeposits from the bath containing 0.119 g/l 
benzotriazole was very small, the mean intercept lengths being between 0.1 
and 1 microns (section 6.^.2).
Let us consider the significance of the fact that the grain size of the
deposits from the baths containing benzotriazole was found to be very small
compared with deposits from the plain bath. This grain refinement has been
96 126observed previously with the use of many other addition agents ’ and 
benzotriazole may be considered to act in the classical manner as described 
for other addition agents by Fischer**^ and Vermilyea'^. Thus, benzotriazole 
appears to have two main effects:
(1) as it is adsorbed on the comparatively coarse grained copper substrate, 
it prevents epitaxial growth which would give a deposit with a large 
grain size;
(2) since it is adsorbed at the active nucleation sites with the lowest 
energy on the surface it raises the cathodic polarization and encourages 
deposition to occur at higher potentials with a faster nucleation rate.
Both these effects tend to decrease the grain size of the deposits, as 
was reported in the work with benzotriazole in section 6.^.2.
Hardness p
The hardness of copper deposited from the bath containing benzotriazole 
was affected by the plating variables. In general, the deposits became 
harder with an increase in the current density (sections 6.9-2 and 6.9-3)v
solution agitation (section 6.5*3)5 concentration of benzotriazole (section
6.5.5), storage time of solution (section 6.5.6) and with addition agents, 
the hardness increasing in the order triazole, benzotriazole, and naphtho- 
triazole (section 6.6.10). On the other hand, the deposits became softer 
with an increase in the bath temperature (section 6.5.2), solution purifica­
tion (section 6.5. )^9 the deposit thickness when a small volume of solution
was used (section 6.5*7) and with time after the end of plating (section
5.6.6).
It is notable that the factors which increased the hardness of deposits from 
the plain bath have also been found to increase the hardness of deposits 
from the bath containing benzotriazole and in some cases to a greater extent. 
The actual increase in the hardness appears to rise with the concentration
of benzotriazole in the solution up to a maximum which depends upon the
. n~]_ 
plating conditions (sections 6.5»5* and 6.5.7). Since Prall' has shown
that the amount of benzotriazole codeposited with the copper increases with
the concentration in the plating solution, it could be assumed that the
hardness of the deposits increases as the concentration of benzotriazole in
the coating increases. This fact is also in agreement with the theory that
the hardness of. a coating is controlled, to some extent, by. the presence of
codeposited foreign matter‘d  ’1^)226,227^ interesting to observe
that the storage of the benzotriazole solution prior to plating may allow
oxidation to occur and this oxidized form of benzotriazole produces a
greater hardness than the pure form, thus implying that the actual form of
the included matter affects the hardness, (section 6.5.6). The fact that
naphthotriazole has been shown to give harder deposits and triazole softer
deposits than benzotriazole (section 6.6.10) appears to confirm the theory
that the hardness also depends upon the chain length of the additive ’ .
The variation in the hardness of the plain deposits has been thought to 
result from the effect of the grain size* (and factors which affect the 
grain size,such as the deposition under non-equilibrium conditions), and 
the codeposition of impurities which together can account for the hardness 
range of about HV 70 to 160. However, it is worth noting that the deposits 
from the bath containing benzotriazole had a hardness of HV 510, and even 
HV 550 has been measured. These values are extremely high for copper but 
are of the same order as those reported elsewhere for other addition agents 
(Table 1.5«^ t-(c)). In this case the increase in hardness caused by the 
benzotriazole appears to be due to the conjoint effect of:
(1) a very fine grain size^
(2) the codepos:‘tion of cuprous benzotriazole in the deposit.
The former, with a relatively large volume of grain boundaries, would be 
expected to produce a high resistance to dislocation movement and slip.
The latter effect is thought to cause dispersion hardening and distortion 
of the crystal lattice of the deposit.
In this work, there appears to be no evidence to support the other theories 
that have been proposed to explain the high hardness of deposits, including 
those involving the production of hydrogen, metallic oxides or hydroxides. 
However, these factors are probably very important in the deposition of 
metals such as nickel and chromium,in which the cathodic current efficiency- 
can be very low.
The fact that there appears to be a maximum hardness for the copper deposits, 
above which cracking occurs, is of considerable commercial importance and 
it has been shown that the maximum value depends upon the plating conditions, 
such as the concentration of benzotriazole and the temperature of the bath.
It also suggests that it is not possible to increase the concentration of 
codeposited cuprous benzotriazolate above a certain value and this means 
that there is a limit to the corrosion resistance produced by benzotriazole 
in the coatings, which, unfortunately, is not sufficiently high to give a 
significant improvement in performance.
It is interesting to note that, with the deposits plated from the bath 
containing benzotriazole, the hardness decreased (section 3*6.6) and the 
stress increased in a tensile direction (section 6.6.6.), after the end of 
plating. Neither of these effects was observed in deposits from the plain 
bath, so it is assumed that these changes in the properties are produced by 
the same effect and linked to the codeposited benzotriazole.
These changes in properties of electrodeposits have been widely observed 
179} 226 237 theories to explain them have been discussed in the litera­
ture review (section 1.3*5)* Because the hardness of plated copper decreased
179during storage of air, the electrolyte theory of Kushner is not valid in
this work. The production of an internal stress in the copper deposited in
this work does not appear to be related to the codeposition of hydrogen, so
231the theory of Nishihara et al is not applicable. Therefore, the remaining
possible explanations include those of Vagramyan and Tsareva , who suggested
'the diffusion of surface atoms, Polukarov and Kuznetsov , who proposed an
. • 227 ordering or similar process in the lattice and Hoar and Arrowsmith , who
V
suggested the change or movement of dislocations in the deposit.
Both the decrease in the hardness and the increase in the tensile stress
(or decrease in the compressive stress) could be explained by a reduction 
in the concentration of the codeposited benzotriazole (see sections 6.5*3 
and 6.6.8). However, it is improbable that the codeposited cuprous benzo- 
triazolate could diffuse out the deposit, but it may become less effective 
if it decomposes, is involved in some ordering process or if the distribution 
of the dislocations associated with it changes. By mechanisms such as these 
the hardness can be reduced and the stress increased in a tensile direction.
Internal Stress
The internal stress in copper deposited from the bath containing benzotria­
zole was affected to a considerable extent by the plating values. Thus, 
the stress could be tensile or compressive in nature and could change from 
one form to the other as the experimental conditions were altered. A 
change from a tensile to a compressive stress was observed in deposits when 
the concentration of copper sulphate in the solution was increased (section
6.6.2), when the bath temperature was raised (section 6.6.3) and when the 
concentration of benzotriazole in the plating solution was increased (section 
6.6.8). However, a change in the opposite direction, from a compressive to 
a tensile stress, occurred as the current density was raised (section 6.6.4). 
In most cases the stress became more tensile as the solution was aged 
prior to plating (section 6.6.5)? and always changed in a tensile direction 
after the completion of plating (section 6.6.6). It is interesting to 
note that the tensile stress in deposits from the plain bath became 
compressive when triazole was added to the bath, but with benzotriazole 
the tensile stress increased and became still higher when naphthotriazole 
was used (section 6.6.10).
The presence of benzotriazole in the plating bath has been shown to have a 
profound effect on the internal stress of the deposits which may be compres­
sive or tensile in nature. Generally, it appears that factors which decrease 
the tensile stress in deposits from the plain bath, such as an increase in 
the concentration of copper sulphate, an increase in the bath temperature 
and a decrease in the current density, also reduce the tensile stress and 
may produce a compressive stress in deposits from the bath containing 
benzotriazole.
In the section on the cathodic current efficiency,the amount of hydrogen 
evolved from baths containing benzotriazole decreased as the concentration 
of copper sulphate in the bath increased (see section 6.2.2). Over the 
same concentration range of copper sulphate, the tensile stress in the 
deposits at first increased and then decreased. This suggests that the 
evolution of hydrogen was not a main factor in the production of the tensile
stress in these deposits.
Let us now consider the effect on the stress produced by varying the
concentration of benzotriazole in the solution. It would be interesting
to be able to correlate the concentration of benzotriazole in the plating
solution with the amount of benzotriazole in the deposit and also the
71magnitude and sign of the resulting stress. Since Prall has shown that 
there is no direct relationship between the concentrations of benzotriazole 
in the solution and in the deposit, it is intended to attempt to correlate 
these concentrations separately with the internal stress.
It can be seen (Fig. 6.6.8) that, as the concentration of benzotriazole 
was raised, the tensile stress increased at first, then decreased to zero
became compressive and then increased again gradually, in almost exactly
' 198 the same manner as observed by Fedot’ev and Pzin who studied the
influence of Rochelle salt in a copper plating bath and sodium naphthalene
disulphonate in a nickel plating solution. This suggests that the benzotria-
zole and other addition agents can act in two different ways, depending upon
their concentration. Thus, at low concentrations a tensile stress is
increased,while a compressive stress is produced with larger additions.
From these results it appears that with low concentrations of benzotriazole
the main physical effect is the formation of a deposit with a finer grain
size Which has been associated with a higher tensile stress both in deposits
from the plain bath (section 7*4.2) and in the literature • The
formation of high compressive stresses in deposits plated from solutions
containing high concentrations of benzotriazole is consistent with work done
with other addition agents^^’^ ^ ’^ '^’^ '^. - The mechanisms suggested to
account for the production of compressive stresses include the preferential
adsorption of the molecules at surface vacancies,giving arrays of dislocations
193with a negative sign  ^or the action of the addition agent as a wedge,
179particularly at gram boundaries, putting a compressive force on the grains 
Thus, in the light of these theories and the present work, one can visualize 
that, as the concentration of benzotriazole increased, the addition agent 
may be considered to produce a fine grained deposit and raise the tensile 
stress; then, at higher concentrations,to penetrate into the grain boundaries 
and weaken the tensile stresses.and produced compressive stresses which 
increase with the concentration.
An attempt it now made to correlate the magnitude and sign of the stress 
with inclusion content of benzotriazole in the copper deposit, as determined
69by Prall and Shreir . In the experiment to study the effect of the con­
centration of benzotriazole in the solution, in which all the plating
conditions were fixed, there was a definite relationship between a high
incorporation of benzotriazole and a high compressive stress. Ho\irever, the
results under different experimental conditions do not show a similar*
effect, as indicated by the fact that an inclusion content of about 3 nig
benzotriazole/l g copper deposit corresponds to a tensile stress of about 
230 MN/m , when plated from a solution containing JO g/l copper sulphate
2
(see Fig. 6.2.2.(a)), and to a compressive stress of about 3 MN/m when a 
temperature of 73°& is used (see Fig. 6.6.3) • Therefore, it can be concluded 
that the concentration of included benzotriazole in the deposit is not the 
only factor which determines the internal stress.
The experiments, in which only one variable, such as the current density 
or temperature, was changed, are -now discussed in relation to the concen­
tration of incorporated benzotriazole and the corresponding stress. As 
the concentration of copper sulphate was raised (see section 6.6.2(a)), the 
benzotriazole inclusion increased and then decreased, while the tensile
stress also increased and decreased before becoming compressive: this change
71in the stress has also been noted by Prall . Hence, under these conditions 
a high benzotriazole content in the deposit coincided with a high tensile 
stress. However ,aj the bath temperature was raised (see section 6.6.3)} the 
benzotriazole concentration in the deposits decreased and then increased 
while the stress was tensile, became compressive, reached a maximum and then 
fell to almost zero. Therefore, in this experiment a high concentration of 
benzotriazole corresponded to a high tensile stress (at low temperatures) 
and also to a low compressive stress (at high temperatures), while the 
maximum compressive stress occurred with the lowest benzotriazole content.
In another experiment, as the current density was raised (see section 6.6.*f), 
the amount of benzotriazole in the deposit decreased gradually and the 
corresponding compressive stress decreased and became tensile. Hence the 
maximum benzotriazole content corresponded to the maximum compressive stress. 
It follows that in the experiments in which only one variable was changed 
at a time, there was no overall correlation between the concentration of 
codeposited benzotriazole in the deposit and the magnitude and sign of 
the corresponding internal stress, suggesting that some other factor must 
be predominant.
It may be concluded that, irrespective of the amount of codeposited 
benzotriazole, the factors that produce conditions tending to give a 
strain free lattice and a larger grain size in deposits from the plain bath, 
e.g. a high concentration of copper sulphate, a high bath temperature and 
a low current density, also favour the production of a compressive stress
in deposits from the bath containing O’. 119 g/l benzotriazole. The 
conditions producing a more strained lattice and a smaller grain size 
in deposits from the plain bath, e.g. a low concentration of copper sulphate 
a low bath temperature and a high current density, give a high tensile 
stress in deposits from the bath containing 0.119 g/l benzotriazole.
However, if all the plating variables are fixed and only the concentration 
of benzotriazole is changed, there is a general correlation between a 
low quantity of codeposited inhibitor and a tensile stress and between a 
high quantity and a compressive stress.
7.5 FINAL DISCUSSION ’
The scope of the present work cap be sub-divided into two main sections.
In the first (Chapter *f), benzotriazole has been studied from the point 
of view of its corrosion inhibiting properties with regard to copper, 
and to a much smaller extent brass. The second part describes a study 
of the use of benzotriazole as an addition agent in the acid copper 
sulphate plating bath and has involved a' consideration of its effects on 
the structure of the deposits (Chapter 3) and on the properties of both 
the solution and the deposits (Chapter 6).
In the light of the present work benzotriazole is considered to be strongly 
adsorbed on to the surface of copper, when the copper is immersed in an 
aqueous solution of benzotriazole. Once formed this surface film produces 
good corrosion inhibition when immersed in corrosive solutions, in 
aggressive atmospheres and in air, at temperatures up to 330°C. This 
benzotriazole film is also formed on the electrodes in the copper plating 
solution containing benzotriazole as an addition agent; it can result in 
both poor adhesion between the cathode and the copper deposit and poor 
cohesion within the coating, particularly if the current is switched off 
and then on again during plating. It has been shown thatrwh.en 0.0001 g/l 
.to 0.0003 g/l benzotriazole is used in the bath, preferential adsorption 
occurs at the higher current density areas on the growing crystals, which 
has the effect of inhibiting further growth, so encouraging deposition 
in’ the recesses and other areas of lower current density; the result of 
this is to raise the micro throwing power and produce the beneficial effect 
of a more level surface. With higher concentrations of benzotriazole 
adsorption appears to occur over the whole cathode surface and subsequently 
deposits form on top of this film giving a bright and nodular type of 
growth. When a cross-section is examined, these deposits have a banded 
or layered appearance with parallel banding probably consisting of copper 
rich and benzotriazole rich layers. The presence of the benzotriazole in 
the deposit has been shown in this research to have‘a marked effect on 
the physical properties of the copper coating by decreasing the grain size, 
raising the hardness and changing the internal stress. The actual magnitude 
of these properties of the deposits depends upon the concentration of the 
benzotriazole in the solution, the composition of the solution and the 
plating conditions, such as bath temperature, current density and solution 
agitation.
7.6 CONCLUSIONS
The present research on corrosion inhibition has shown that:
1.■ Benzotriazole is an effective inhibitor (with an efficiency of over
9C$> when lg/l is used) for copper and brass in many acidic, neutral
and alkaline solutions, but is not satisfactory for solutions containing 
oxidizing and complexing agents;
2. Benzotriazole is slightly better than naphthotriazole and much better
than triazole as an inhibitor in preventing immersed corrosion and
atmospheric tarnishing of copper;
3* Benzotriazole appears to act as a weak buffer during corrosion of 
copper in many aqueous solutions;
h. A very stable siiriace film is formed between copper and benzotriazole, 
which is probably produced by chemisorption, and this film imparts 
increased resistance to corrosion in many environments.
The work on electrodeposition from the copper sulphate sulphuric acid
plating bath has established that:
1. There is a correlation between a small grain size, a high hardness and 
a high tensile stress, or the factors which control these properties, 
in copper electrodeposits;
.2. The ultrasonic agitation of the plating solution increases the limiting 
current density, reduces the cathodic current efficiency at low ourrent 
densities and increases it at high current densities, lowers the 
throwing power, increases the hardness and reduces the stress in 
electrodeposits;
3. The formation of hydrogen gas does not appear to produce a tensile 
stress in copper deposits. •
The study of electrodeposition from the plating bath containing
benzotriazole has shown that:
1. Benzotriazole changes the nucleation process;
2. A highly reflective coating can be produced when specific plating 
conditions are used;
3. Benzotriazole reduces the adhesion of the coating to the cathode and 
also the cohesion in the deposit;
4-. The surface topography, structure and brightness of the deposit depend 
upon the concentration of benzotriazole in the bath;
5. Benzotriazole decreases the grain size, increases the hardness and 
modifies the stress in the deposits, compared with those from the 
plain bath;
6. Plating conditions which produce a high tensile stress in deposits 
from the plain bath favour the formation of higher tensile stress in 
deposits from the bath containing benzotriazole, whereas conditions 
which give a low tensile stress in deposits from the plain bath tend 
to give compressive stress when benzotriazole is present;
7. As the concentration of benzotriazole in the bath increases, the deposits 
become harder and then crack, while the tensile stress initially 
increases, then decreases, becomes compressive-'and finally increases 
steadily;
8. The concentration of cuprous benzotriazolate in the copper deposit 
is not the major factor in determining the magnitude and sign of the 
internal stress;
9* Ageing or storage of the solution prior to plating increases the 
hardness and makes the stress in the deposits more tensile;
10. Ageing the deposit after plating decreases the hardness but changes 
the stress in a tensile direction;
11. The molecular size of the addition agent increases the stress in a 
tensile direction and also raises the hardness in the order triazole, 
benzotriazole and naphthotriazole.
Furthermore, benzotriazole appears to possess most of the properties of 
addition agents suggested by Brown^^ in ’The Encyclopedia of Electro­
chemistry1.
7.7 EECOMMENDATIONS FOR FURTHER WORK
The following suggestions should prove useful in elucidating the mechanisms
of benzotriazole when used as a corrosion inhibitor and also as an addition 
agent.
1• The determination of the form of benzotriazole in an aqueous solution 
and the mechanism and capacity of the buffering action during the 
corrosion of copper.
2. The determination of the corrosion efficiency and stability of v
benzotriazole in aqueous solutions as a function of temperature.
3* The use of .the Differential Thermal Analysis Equipment to measure the 
stability of the benzotriazole film and the heat of decomposition.
*f. The use of Surface Electron Spectrocopy (ESCA) to study the bonding 
at the copper-benzotriazole surface and to confirm that it is due to 
chemisorption.
3. The use of the Geoscan to examine the bands in the structure exposed 
by cross-sectioning the layered deposit for nitrogen or carbon peaks.
6. The use of the electron microscope to measure the dislocation density 
in very hard deposits, in an attempt to correlate the dislocation 
density with the hardness. .
7. The investigation of another addition agent to be used with benzotriazole, 
to facilitate the production of good quality, bright coatings which
are not brittle; this could be done in the same manner as in nickel 
plating,where one addition agent gives a bright, brittle coating but is 
used jointly with another which has the effect of reducing the stress 
and the brittleness to acceptable levels. ^ —  i6-.( . ' ;
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STRESS IN COPPER ELECTRODEPOSITS MADE 
WITH BENZOTRIAZOLE AS ADDITION AGENT*
R. W a lk e r  
University of Surrey, London, S .W .ll, England
Abstract—The effect of M/1000 benzotriazole in an acid copper sulphate bath has been investigated. 
Measurements of the internal stress and the microhardness in copper electrodeposits were taken. 
The deposits were bright and had a high internal tensile stress and a higher microhardness than that 
obtained with other addition agents. An ageing effect and a stress after-effect were also observed.
Resume—Etude de l’effet du benzotriazole M/1000 dans un bain de sulfate de cuivre acide. Des 
mesures de contrainte interne et de microdurete des electrodepots de cuivre ont et6 effectuees. Les 
depots sont brillants, presentent line contrainte interne elevee et une microduret6 sup6rieure k celle 
obtenue avec d’autres additifs. On observe aussi un effet de vieillissement et un post-effet sur la 
contrainte.
Zusammenfassung— Manuntersuchtedie Wirkung von Benztriazol in einer Konzentration von 10-3 M  
in sauren Kupferbadem. Es wurde die innere Spannung und die Mikroharte der Kupfemiederschlage 
gemessen. Die Niederschlage waren glanzend und wiesen sine hohe innere Zugspannung auf. Ihre 
Mikroharte war grosser als diejenige von Niederschlagen, die mit andem Zusatzstoffen erhalten 
wurden. Man beobachtete Alterungseffekte mit Nachwirkung auf die innere Spannung.
IN T R O D U C T IO N
T h e  use of benzotriazole C6H4*NH*N:N as a specific inhibitor for the corrosion of 
copper and copper-based alloys is well known.1-7 It  can be used as an addition agent 
to acid copper sulphate plating baths to give fully bright coherent copper electro­
deposits.8,9 It  was one of the first examples of a known corrosion inhibitor to be 
deliberately introduced into an electrodeposit; Prall8 found it was deposited in the 
form of cuprous benzotriazolate. This codeposition was studied further10,11 because 
inclusions in an electrodeposit normally decrease the corrosion resistance.12
Measurements were made of the internal stress and the microhardness of copper 
deposits with and without benzotriazole as an addition agent to the plating bath. 
The internal stress in an electrodeposit is important because it may affect the corrosion, 
fatigue and corrosion fatigue properties of the basis metal.13-15 It  may cause 
deformation of the article plated, which is important in electroforming,16,17 and 
also peeling of the deposit if the adhesion is poor.
E X P E R IM E N T A L  T E C H N IQ U E
Analar chemicals were used, for 0*5 M  copper sulphate, 0*5 M  sulphuric acid 
solutions, with and without 0*001 M  benzotriazole (0*119 g/1). The solutions were 
magnetically stirred at room temperature. The cd was 20 A/ft2.
Stress measurements were made using the Brenner-Senderoff contractometer18 
with the modifications suggested by Fry and Morris.19 The stainless steel helix was 
coated with nickel and copper from, a cyanide bath to provide a base with good 
adhesion for the copper deposit from the acid bath. This instrument measured the 
stress on a continuously bending cathode. Measurements of the stress were also
* Manuscript received 20 October 1967.
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taken using a modified form20 of the Hoar-Arrowsmith apparatus.21 The cathode 
used was a platinum-10 % iridium alloy strip flashed with copper from the cyanide 
bath. This gave stress measurements for deposits on a cathode which was prevented 
from moving by an applied electromagnetic force. The microhardness of the deposits 
was measured with a G.K.N. Microhardness Tester.
Stress and microhardness
Figures 1 and 2 show deposit thickness plotted against the restoring force, meas­
ured with the contractometer and the modified Hoar-Arrowsmith apparatus. These 
graphs show that the stress is tensile in both deposits and that in the deposit with 
benzotriazole is more than twice as high as that in the pure deposit. Kushner22 
has measured the stress in a pure copper deposit from a copper sulphate bath using 
his Stresometer23 and found a stress, at a thickness of 5-6 x 10_4in, of 2510 psi. 
The present stress values for pure copper deposits measured by the different techniques 
were 2720 psi with the Hoar-Arrowsmith null method, 2800 psi with the contracto­
meter on a moving helix and 2510 psi on a clamped disk in the Stresometer, which 
show good agreement.
R E S U L T S
16
Thickness XIO , in. .
Fig. 1. Stress measured by Brenner-Senderoff contractometer.
With B.T.A.
/  j
0 1 2  3 4 5 6
Thickness XIO4, in.
F i g . 2. Stress measured by Hoar-Arrowsmith null method.
The presence of benzotriazole also increased the tensile stress in plating solutions 
made from commercial salts.
Figure 3 shows that, in some cases, the initial stress in deposits with benzotriazole
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is compressive and changes to a tensile value: this effect has also been observed in 
chromium deposits on nickel.24,25 This change from compression to tension is 
influenced by certain variables including the pretreatment of the cathode and the 
time period between the immersion of the cathode in the fresh benzotriazole solution 
and the actual deposition. Thus the effect of the benzotriazole on the resultant stress 
in the copper deposits changes as the time of immersion increases. A similar ageing 
effect has also been observed by Vagramyan and Petrova26 with a copper sulphate 
solution containing naphthalene disulphonic acid: a freshly prepared solution gave 
lower internal stresses than those from a solution which had been stored for a year. 
The proposed explanation for this was that the addition agent oxidized during the 
storage and the oxidation products were more active than the original additive. 
Benzotriazole may behave in a similar manner.
The stress in the electrodeposit containing benzotriazole continued to increase 
after the current had been switched off; this is known as the stress after-effect. With 
the pure copper deposit there was no such increase but with benzotriazole the stress 
increased by about 900 psi, as shown in Fig. 4. Kushner22 has measured the stress 
after-effect and found that it varied from a decrease of 9 to 17% in the compressive
7,110 psi
6,180 psi
/
Current switched off
10 25 30 35
Plating time, min
F ig . 4 . S tress after-effect.
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stresses in copper deposits from a solution containing thiourea, to an increase of 2 to 
7 % in the tensile stresses in nickel deposits.
The deposits with benzotriazole appeared to be harder and more brittle than the 
pure deposit, as shown in Fig. 5. Very thick deposits were produced on a copper foil 
base and the average of five microhardness values was 102 V.H.N. for pure copper 
and 374 V.H.N. for the deposit with benzotriazole : other workers quote similar values 
for pure copper deposits of 100 V .H .N.,26 60 to 100 V .H .N.27 and 51 to 80 V .H .N.28
X-ray examination
Back-reflexion photographs were taken using filtered copper radiation and an 
‘Astbury’-type exposure mask used on the front side of the cassette. Figure 6 shows 
the {331} and {420} diffraction lines of the copper foil base F, the pure copper deposit 
A and the copper deposit containing benzotriazole B. Powder photographs were also 
taken to give accurate values for the three lattice parameters. The lattice parameter 
of the copper foil base was 3*629 A  (higher than the value normally quoted for pure 
copper,29 3*6147 A ,  which suggests impurities in the foil) and the value for the pure 
copper deposit was 3*613 A .  The parameter for the deposit containing benzotriazole 
appears to be smaller than that for the pure deposit, but could not be measured 
because of the diffuseness of the X-ray diffraction lines.
The pure deposit and the foil both gave sharp lines with the high angle doublets 
clearly resolved, indicating a low or zero stress. However the deposit with benzo­
triazole produced slightly displaced diffuse lines: this could be due to a small grain 
size and/or a stressed condition and/or codeposited cuprous benzotriazolate. The 
deposits were compared under a microscope, Fig. 7. Although the crystallographic 
appearance of these is different, the deposit with benzotriazole did not appear to 
have a smaller grain size than the pure deposit, so that small grain size was not the 
cause of the line diffuseness.
Prall,8 using a similar solution, found the ratio of the weight of benzotriazole 
included in the deposit to the weight of copper deposited was 0*0023:1. He also found 
that the cuprous benzotriazolate was included in the deposit as a layered structure 
and not as a solid solution; this is confirmed by Fig. 8 which shows this layered 
deposit. Hence this addition would not give the displacement of the X-ray lines 
observed. Therefore the broadening and the displacement of the X-ray diffraction 
lines are attributed to the stress in the deposit. The addition agent could give a 
separate pattern of X-ray lines but, with such a small quantity present, it is not likely 
that these lines would be seen on the photograph.
The line displacement is probably due to a homogeneous elastic deformation which 
causes all the interplanar spacings to change by a similar amount and so the lattice 
parameter is also changed. This first-order stress can be measured by mechanical 
methods. The line broadening is due to heterogeneous plastic deformation which 
varies between different grains and the diffuseness is due to the superimposition of 
many lines with different displacements; this second-order stress cannot be measured 
by mechanical methods.
D IS C U S S IO N
An addition of 0*119 g/1 of benzotriazole to acid copper sulphate baths has been 
shown to give hard copper electrodeposits, 374 V.H.N., harder than those produced by
Fig . 5. Copper electrodeposit (a) w ithout and (b) with benzotriazole. x 4  (original).
F ig . 6. Back reflexion X -ray photograph. F , fo il;  A , pure deposit; B, deposit w ith
benzotriazole.
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F ig . 7. Copper electrodeposit (a) w ithout and (b) with benzotriazole. x500  (original).
F ig . 8. Copper electrodeposit w ith  benzotriazole. Cross section x  500 (original).
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other copper plating baths,30 eg fluoborate 40 to 75 V.H.N., pyrophosphate 160- 
190 V.H.N., cyanide 100 to 160 V.H.N. and cyanide with periodic reversal 150— 
220 V.H.N. Other addition agents may be used with various sulphate baths to 
increase the deposit hardness, eg naphthalene disulphonic acid (0*5 g/1 of the sodium 
salt) 160 V.H .N.,26 sugar (20 g/1) 146 V.H.N.,26 gelatine (0-01 g/1) 134 V.H.N.,30 
thiourea (0-015 g/1) 248 to (0-2 g/1) 340 V.H.N.,26 citric acid (2-34%) 275 to 299 
V.H.N.30 and tartaric acid (1-24%) 195 to 278 V.H.N.30
The internal stress in the deposits, produced under the present experimental 
conditions, is tensile and fairly high, 6200-7200 psi. Typical stress values for deposits 
from other copper plating baths30 include cyanide 5800-14,700 psi, pyrophosphate 
— 10,000 psi (compressive); fluoborate is similar to sulphate, 0-3000 psi. However 
the stress depends upon many variables, eg bath composition, cd, temperature, 
addition agents etc; these variables may change the sign of the stress. Prall8 found 
that by changing the concentration of copper sulphate from 60 g/1 to 190 g/I, in a bath 
containing 0-5 M  sulphuric acid and 0-001 M  benzotriazole, the stress changed from 
tensile to compressive. Tsareva et al31 observed that when the cd was increased above 
about 42 A/ft2 the stress in a copper deposit from a sulphate bath containing 0-6 g/1 
of thiourea changed from compressive to tensile. Vagramyan and Petrova26 found a 
change in the stress from tensile to compressive when the concentration of thiourea 
was increased to above 0-26 g/1 in an acid copper sulphate bath.
Acknowledgements—The author wishes to thank Professor M . B. Waldron for his interest and for 
the provision of research facilities at the University of Surrey and Dr. Mackowiak for many helpful 
discussions.
R E F E R E N C E S
1. Procter and Gamble, Brit. Pat. 652, 339 (1947).
2. Ilford, Brit. Pat. 811,675 (1956).
3. Albright and Wilson, Brit. Pat. 865,192 (1958).
4. J. G. K e n n e d y , Anti-Corros. 1 4 , 4 8 (1967).
5. New Scient. 3 3 , Feb. 2, 272 (1967).
6. Copper 1, No. 5, 4 (1967).
7. I. D u g d a l e  and J. B. C o t t o n , Corros. Sci. 3 , 69 (1963).
8 . J. K . P r a l l , Thesis, London University (1962).
9. J. K . P r a l l  and L. L. S h r e ir , Corros. Sci. 1,181 (1961).
10. Yu. E. G e r e n r o t  and A. P. E ic h ie s ,  Zashchita Metallov. 2, 581 (1966).
11. J. K . P r a l l  and L. L. S h r e ir , Trans. Inst. Metal Finish. 4 1 , 29 (1964).
12. E. R a u b , Z. Metallk. 3 9 , 33 (1948).
13. R. A. F. H am m on d  and C. W ill ia m s ,  Metall. Rev. 5 , 165 (1960).
14. R. A. F. H a m m o n d , Metal Finish. J. 7, 441 (1961); 11 , 355 (1965).
15. H . S p a h n , Trans. Inst. Metal Finish. 42, 364 (1964); Corrosion Traitements Protection Finition 
15, 178 (1967).
16. F. L. S ie g r i s t  M etal Prog. 86, 219 (1964).
17. R . H . R u m b l e , Trans. Inst. Metal Finish. 3 3 , 141 (1956).
18. A. B r e n n e r  and S. S e n d e r o ff , J. Res. Natn. Bur. Stand. 4 2 ,  89 (1949).
19. H . F r y  and F. G. M o r r is , Electropig. Metal Finish. 12 , 207 (1959).
20. R. W a lk e r , M.Sc. (Eng.) Report London University 1967.
21. T. P. H o a r  and D . J. A r r o w sm it h , Trans. Inst. Metal Finish. 3 4 , 354 (1957).
22. J. B. K u s h n e r , M etal Finish. 5 6 , 46 (1958).
23. J. B. K u s h n e r , Proc. Am. Electropl. Soc. 4 1 , 188 (1954).
24. D . R. G a b e  and J. M . W e st , Trans. Inst. Metal Finish. 4 0 , 197 (1963).
25. T. E. S u c h  and M . P a r t in g t o n , Trans. Inst. M etal Finish. 4 2 ,  68 (1964).
26. A. T. V a g r a m y a n  and Z. A. S o lo v’e v a , Technology o f  Electrodeposition. Draper, Teddington 
(1961).
27. J. R. B alm er  and T. W. A. B a il e y , Electropig. Metal Finish. 12, 26 (1959).
1866 R . W a lk e r
28. F. A. L o w e n h e i m , Modern Electroplating 2nd Edn., p. 192, Wiley. New York (1963).
29. W .B . Pe a r s o n, Handbook Lattice Spacings and Structures o f  M etals and Alloys, Vol. 2, p. 81, 
Pergamon, Oxford (1967).
30. R. Pinner, Copper and Copper Alloy Plating 2nd Edn. Copper Development Association, 
London (1964).
3 1 . Yu. S. T s a r e v a , V . G. So l o k h in a , N. T . K u d r y a v t s e v  a n d  A. T . V a g r a m y a n , Zh.fiz. Khim. 2 9 ,  
166 (1955).
Electrochimica Acta, 1970, Vol. 15, pp. 673 to 679. Pergamon Press. Printed in Northern Ireland
STRESS IN COPPER ELECTRODEPOSITS 
FROM THE SULPHATE BATH*
R. W a lk e r  and A. W a r d  
University of Surrey, Guildford, Surrey, England, and 
Imperial Metal Industries (Kynoch) Ltd., Birmingham, England
Abstract—The effect of different concentrations of copper sulphate in the acidic copper sulphate 
bath on the internal stress and hardness of the resulting deposits has been investigated. The use of 
benzotriazole, as an addition agent to this bath has also been studied. The internal tensile stress 
decreases as the concentration of copper sulphate in the bath is increased, and for solutions con­
taining benzotriazole a change from tensile to compressive stress is found.
Resume—Etude de l ’effet de differentes concentrations en sulfate de cuivre dans un bain acide de 
sulfate de cuivre sur la tension interne et la duretd des depots formes. L ’utilisation du benzotriazole, 
comme agent additif dans ce bain a aussi ete examinee. La tension interne de contrainte decroit 
quand la concentration en sulfate de cuivre dans le bain augmente et pour des solutions contenant du 
benzotriazole la contrainte de tension se transforme en contrainte de compression.
Zusammenfassung—Der Einfluss der Kupfersulfatkonzentration in sauren Kupfersulfatbadem auf 
die innern Spannungen und die Harte der abgeschiedenen Niederschlage wurde untersucht. Zudem 
wurde die Verwendung von Benzotriazol als Zusatzstoff in diesen Badem untersucht. Die interne 
Zugspannung nimmt mit steigender Kupfersulfatkonzentration in der Losung ab, bei Verwendung 
von Benzotriazol findet ein t)bergang von Zug- su Druckspannung statt.
IN T R O D U C T IO N
T h e  in t e r n a l  stress in an electrodeposit depends upon many variables, including 
the bath composition, pH, temperature and cd. Lamb and Valentine1 showed that, 
for copper deposits from the copper sulphate-sulphuric acid bath, the tensile internal 
stress increased with cd, and decreased with increase in the bath temperature. When 
the solution composition was changed, the evidence was conflicting. Graham and 
Lloyd2 found a decrease in the stress in the copper deposit from the cyanide bath with 
increasing concentration. The concentration effect has also been studied for other 
metals. In zinc deposits3 a decrease in compressive stress has been found from the 
zinc sulphate bath with increase of concentration, and for cobalt4 an increase followed 
by a decrease. Martin5 found no appreciable effect in nickel deposits and Brenner 
e t a le found a very small effect from the nickel chloride bath.
E X P E R IM E N T A L  T E C H N IQ U E
Commercial purity chemicals were used and all plating solutions contained 
49 g/1 (0-5 M) sulphuric acid. Magnetic stirring was used in all cases to allow mixing 
of the solution and to reduce polarization but was sufficiently slow to prevent aeration. 
The solutions were at room temperature and 20 A/ft2 was passed for 15 min, which 
produced a deposit thickness of about 3 X  10-4 in. An addition of 0-001 M  benzo­
triazole (C6H4N H .N :N ) was made to the bath: this has been shown to improve the 
appearance of the resulting deposits and also to improve the corrosion resistance of 
the resulting copper deposit.7,8
* Manuscript received 31 October 1968.
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Current efficiencies were investigated by weighing the anode and cathode before 
and after plating, for different copper sulphate concentrations both with and without 
benzotriazole. A steady current equivalent to about 20 A /ft2, was passed for 15 min 
through a series of cells.
The hardness of the electrodeposits was measured with a G.K.N. Microhardness 
Tester. This required thick deposits, produced by plating for 3 h.
Internal stress was measured with a Brenner-Senderoff Spiral Contractometer9 
with the modifications of Fry and Morris.10 The change in the stress during plating 
and after the current had been switched off (the stress “after effect”) was measured.
R E S U L T S
Current efficiency
The cathodic current efficiency of the more concentrated solutions (150 g/1 and 
over) was ca 96-100%. At lower concentrations of copper sulphate (10 to 50 g/1) 
hydrogen was evolved and a lower current efficiency resulted.11 Benzotriazole in 
solutions with low copper sulphate concentration gave a further reduction in the 
current efficiency.
H ardness
The hardness of the copper deposits depended on the concentration of copper 
sulphate. Benzotriazole increased the hardness significantly, whereas stirring gave a 
slight decrease. The appearance of these deposits is shown in Fig. 1.
Concentration
CuS04.5H20
g/1
Average Hardness 
VPN
“Pure”  deposit Deposit with benzotriazole 
Unstirred Unstirred Stirred
47 (powdery) 207 187
140 104 303 300
280 58 237 224
Stress
All the deposits from solutions without benzotriazole had a dull matt appearance 
and good adhesion to the helix. The stress decreased with increase in the concentration 
of copper sulphate, Fig. 2. No stress “after effect” was observed.
The stress in deposits from the bath containing benzotriazole increased in the 
tensile direction at low copper sulphate concentrations and reached a maximum 
at about 47 g/1 CuS04.5H20 ; it then decreased and became compressive, reaching a 
steady value at about 140 g/1, Fig. 3.
The stress changed in the tensile direction after the current had been switched off 
in all deposits containing benzotriazole. This “after effect” reached a constant value 
at about 160 g/1 of CuS04.5H20 , Fig. 4. The variation of the spiral deflection with 
the deposit thickness and the “after effect” are shown in typical curves, Figs. 5 and 6, 
with and without benzotriazole.
D IS C U S S IO N
Current efficiency
The production and adsorption of hydrogen has been found to increase the 
hardness12,13 and also the internal stress14 of the electrodeposit. The normal deposition
F ig . 1. Copper electrodeposits, a— Pure deposit, 140 g/1 C uS0.,.5H 20 ,  b— 47 g/1 +  
benzotriazole, c 140 g/1 +  benzotriazole, d— 280 g/1 +  benzotriazole.
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F ig . 7. Copper electrodeposits w ith  benzotriazole. Cross section (a) x l6 0 , (b) x800.
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process may be affected by the presence of hydrogen and, at very low concentrations 
of copper sulphate, spongy deposits may form.
Hardness
The presence of benzotriazole, a corrosion inhibitor for copper,15 increased the 
microhardness of copper deposits but not to the same extent as previously observed 
with Analar solutions.16 This increase in the hardness is probably due to the code­
position of cuprous benzotriazolate with the copper. A layered structure is formed 
Fig. 7, and inclusions increase the hardness by restricting the movement of dislocations. 
The solution that was magnetically stirred gave deposits with a slightly lower hardness 
than the unstirred: this could be due to more even deposition and a better deposit, 
which would favour a lower hardness.
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The hardest deposit had the maximum reflectivity and the softest deposit had the 
lowest, Fig. 1.
Internal stress
The decrease in the internal stress in “pure” deposits with an increase in the 
concentration of copper sulphate appeared to follow a logarithmic law, Fig. 8. The 
stress values were lower than those produced in thicker deposits from Analar solu­
tions.16 This reduction in the tensile stress when impurities are present has been 
observed in copper-plating solutions by Lyzlov and Samartsev.17 Hoar and Arrow­
smith18 and also Popereka19 have suggested that tensile stress in a deposit is caused by
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surface vacant sites which give an array of edge dislocations of similar orientation. 
Impurity molecules, which are adsorbed on the growing surface, give edge dislocations 
of the opposite sign,18 or cause grain boundaries,19 both of which create compressive 
stresses.
At low concentrations of copper sulphate, in the solution containing benzotriazole 
the deposits had a high tensile stress, and the current efficiency was lower than the 
normal value of 96-100%. This tensile stress could therefore be due to the presence 
of hydrogen in the metal lattice. The hydrogen, which is codeposited with the metal, 
causes a lattice expansion: when the hydrogen diffuses away the lattice contracts and 
a tensile stress results. This theory20 has been proposed for many electrodeposits 
including nickel, chromium, iron and cobalt.
At higher concentrations of copper sulphate, with benzotriazole the stress becomes 
compressive. This change in the type of internal stress with an increase in the copper 
sulphate concentration was also observed by Prall.21 The production of compressive 
stress can be explained by the adsorption of the benzotriazole during plating.18
Benzotriazole in copper sulphate solutions shows an ageing effect, ie its effect 
depends upon the immersion time prior to plating: a similar effect has been observed 
for naphthalene disulphonic acid22 in copper sulphate solutions. The benzotriazole 
solutions used in these experiments were freshly made and plating was started im­
mediately, so a maximum compressive tendency should be present.
A change in the internal stress after plating had ceased was observed only in 
deposits from baths containing benzotriazole. This stress “after effect” changed the 
stress in a tensile direction in all cases, ie a tensile stress increased and a compressive 
stress decreased, Fig  ^3. This effect has also been observed for electrodeposited 
nickel,18 chromium,23 and zinc.24 Kushner25 using a copper sulphate bath containing 
thiourea found the change in the stress increased as the compressive stress increased. 
In this work the stress “after effect” was'found to increase as the stress became more
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compressive with the copper sulphate concentration, Fig. 3; the values obtained 
were larger than those previously observed.
Kushner25 has suggested that the “after effect” may be due to dissolution and 
redeposition which occurs after the current has been switched off. The solution 
in the diffusion zone close to the metal surface is depleted in copper ions compared 
with the bulk composition of the bath and so a concentration cell is formed. Hence 
the recessed areas and grain boundaries become anodic and areas proud of the surface 
are in the bulk solution and become cathodic. Kushner associates the adsorption 
of impurity molecules with grain boundaries and compressive stress and so dissolution 
of these areas, together with foreign matter, reduces the compressive stress. This 
reduction increases as the compressive stress increases and is lower in deposits with 
tensile stress which have lower impurity concentrations.
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SHORT COMMUNICATION
THE EFFECT OF BENZOTRIAZOLE ON THE HARDNESS 
OF COPPER ELECTRODEPOSITS *
R. W a l k e r  and R. C. B e n n  
D epartment of Metallurgy and Materials Technology,
University of Surrey, Guildford, England
IN T R O D U C T IO N
I t  h a s  been widely reported that the hardness of copper deposits from the acid sulphate 
plating bath increases with current density1-2 and ultrasonic vibrations3 and decreases 
with the bath temperature1-2 and purification.4 This paper reports on the effect of 
these variables on the hardness of copper deposits from a bath containing benzotriazole.
The presence of addition agents in a plating solution normally increases the hard­
ness of deposits, eg with an addition of 0-10 g/1 of gelatine,5 the hardness changes are 
99-215 VHN and 150-305 VHN at 18*6 A /ft2 and 92-9 A /ft2 respectively, while for 
thiourea6 they are from 100 (no addition) to 248 VHN (0-015 g/1) and 270 VHN  
(0-2 g/1). As the concentration of the addition agent increases, the hardness rises and 
may reach a maximum value, eg thiourea7 gives 340 VHN with 0-2 g/1 and 300 VHN4 
with 0-7 g/1 depending upon experimental conditions, and Rochelle salt8 gives 
263 VHN with 0-02 g/1. The hardness increases with cd5 from 99 (18*6 A /ft2) to 
150 VHN (92-9 A /ft2) and decreases with increase of temperature from 215 (25°C) to 
140 VHN (50°C).
The addition of benzotriazole to the acid sulphate bath has been found to give 
bright coherent deposits.9-13 These deposits are harder and more stressed than those 
from the plain bath and tend to crack.10-14 Kendall,12 using a purified bath, found 
that hardness increased with concentrations of benzotriazole to a maximum value of 
207 VHN with 0-06 g/1 at 25°C: the brightest deposit was produced with an addition 
of 0-24 g/1.
The grain refining of the surface and the production of a banded structure have 
been observed on cross-sections of deposits with benzotriazole.9-12 An ageing effect, 
ie a change in the stress depending on the time of immersion or storage of the solution, 
has been observed in several copper baths containing naphthalene disulphonic 
acid,15 thiourea,16 and benzotriazole:10 the effect of ageing on the hardness of the 
last-mentioned compound has not previously been investigated. A self-annealing 
effect, ie a reduction of the hardness of a deposit with time at room temperature, has 
been observed17 in a fall from 225 to 145 VHN in 100 days with copper from a bath 
containing /S-naphthoquinoline.18
E X P E R IM E N T A L  T E C H N IQ U E
General grade chemicals were used for the bath with 0*5 M  copper sulphate 
(125 g/1 CuS04-5H20 ) and 0*5 M sulphuric acid (49 g/1), both with and without
* Manuscript received 10 August 1970.
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benzotriazole. Purification of the solution consisted of refluxing with hydrogen 
peroxide (10 ml of 100 vol/1), the addition of activated charcoal (20 g/1) and again 
refluxing and stirring, filtration with glass wool and pre-electrolysis with Analar 
copper anodes for several hours. One litre of solution was used for each run with slow 
magnetic stirring. Unless otherwise stated, 0-119 g/1 benzotriazole was added to the 
plating bath immediately before each experiment to minimize the ageing effect. The 
cathodes used were 0-1 in. thick to provide a firm base for the hardness measurements, 
and the plating time and cd were adjusted to give a deposit thickness of approximately 
2 X  10~3in.
Measurements were taken on an Akashi microhardness tester with a 50-g load 
so the indentation depth was less than 5 per cent of the total deposit thickness; 
readings were taken immediately after plating to minimize any stress relief.16,17 The 
values given are an average of at least 7 readings, which were taken on the central 
region of the cathode before and after lightly polishing the surface. Others were 
taken on the mounted cross-section of the deposit.
A maximum of six cells were connected in series with a fixed cd and a variable 
bath temperature. Ultrasonic vibrations were produced by immersing the plating 
cells in an ultrasonic tank and cold water was passed through copper coils to prevent 
the temperature rising: the other baths were either magnetically stirred or were 
damped by standing in an anti-vibration padding. The ageing effect was studied by 
making a large volume of solution containing 0-119 g/1 benzotriazole: this was 
sealed, stored and used at different time intervals up to 30 days.
R E S U LT S
Appearance
The surfaces of the specimens plated under different conditions of solution 
agitation, both with and without benzotriazole, are shown in Fig. 1. The plain 
deposits had a matt surface, whereas most of those with benzotriazole were bright, and 
cracked during, or soon after, plating. Ultrasonic vibration improved the surface of 
the deposit by reducing the powdery area and decreasing the extent of cracking. The 
microstructure of the deposits (Fig. 2) showed that the specimens plated with ultra­
sonic vibrations had the finest structure. The grain sizes of deposits from the plain 
bath varied from 30 to 0-7 /un and those from the bath containing benzotriazole 
were much smaller, less than 0-1 pm .
The cross-sections of the deposits (Fig. 3) from the plain bath show that, as the 
degree of agitation was increased from still to ultrasonic, the surface smoothness 
improved. The deposits with benzotriazole had a very different appearance and the 
degree of layering increased with agitation.
Hardness
The hardness of the deposits from the plain stirred bath decreased with the bath 
temperature from 110 at 0°C to 75 VHN at 80°C (Fig. 4) and increased with the cd 
from 77 for 5 A /ft2 to 141 VHN for 60 A /ft2 (Fig. 5). Ultrasonic vibrations increased 
the hardness Fig. 5 (still 120, stirred 141 and ultrasonics 161 VHN, for 60 A/ft2 at 
23°C) and purification reduced it from 130-84 VHN for 40 A /ft2 at 23°C (Fig. 6). 
Deposits with a high hardness had a small grain size and vice versa.
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These plating variables had a more marked effect on the hardness of deposits 
from the bath containing benzotriazole. The hardness decreased with increase of 
temperature from 253 at 22°C to 101 VHN at 95°C, and increased with increase of cd 
from 201 for 5 A /ft2 to 265 VHN for 60 A /ft2. Ultrasonic vibration increased the 
hardness (still 251, stirred 265 and ultrasonics 310 VHN) and purification lowered the 
hardness from 260 to 205 VHN.
300
P la in  bath 
+  B TA (O - 119 g / 0250
'P ure ' bath  
>BTA(0-ll9g/Dz 200x
>
o 15 0 
X
P la in  bath
25
100
 'P u re1 bath
75
50, 20 30 40 50 60 70
C u rren t density, A / f t 2
F ig . 6. Effect of electrolyte purity on microhardness of copper electrodeposits.
As the concentration of benzotriazole was increased, the hardness of the deposits 
rose rapidly at first, from 86 VHN (no addition) to 120 VHN (5 X  10~4 g/1) and to 
203 VHN (5 x 10~3 g/1.), and reached a maximum of about 295 VHN with 0-2 g/1 
(Fig. 7). No cracking or peeling was observed during or after plating with concentra­
tions up to 0-05 g/1: with additions of 0-119 g/1 and 0-2 g/1 peeling occurred after 
plating, and with above 0-2 g/1 cracking occurred during plating. The brightest 
deposits were produced with concentrations of 0-2 g/1 and at higher values the surface 
became darker (Fig. 8).
The effect of benzotriazole depends upon the time between the addition being 
made and the commencement of plating. The hardness increased to a maximum 
value (about 310 VHN) after keeping the solution for about 14 days; further storage 
did not change the hardness (Fig. 9). The hardness of some deposits was very high 
immediately after plating (384 VHN) but fell quickly to about 300 VHN, which was 
the recorded value: this process has been called self-annealing.
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D IS C U S S IO N
Appearance
The ultrasonic vibrations produced smoother and finer surfaces than those from a 
still or a stirred bath; a similar effect has been previously observed for copper de­
posits.3 These vibrations also reduced the area of powdery or burned surface. This 
is achieved by lowering the activation polarization and also the thickness of the 
cathode layer, so increasing the limiting cd, other workers using a similar bath have 
found a 3- to 8-fold increase19,20 in this cd.
The layered structure produced from the stirred or ulirasonic bath containing 
benzotriazole is clearly shown and has been recorded previously.9-12 However, the 
deposit from the still bath showed banding in some regions but not in others (as in 
the photograph). Prall,21 by switching the current on and off, induced banding in a
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solution containing very little benzotriazole, which otherwise produced no banding. 
When the current was off, and no deposition occurred, a surface film formed, which 
affected subsequent deposit growth. This benzotriazole surface complex produced a 
weak bond between the deposit and the substrate and has been used to facilitate the 
stripping of deposits used in the production of foils, starting sheets and electro­
formed articles.22
The brightening effect of benzotriazole is illustrated in Fig. 1 with 0-12 g/1 but as 
the concentration is increased the surface becomes darker with large nodules (Fig. 8). 
Prall21 analysed the deposits and found that a dark surface was produced under 
normal conditions if the deposit contained more than a certain amount of benzotria­
zole (a ratio of additive to copper of about 0*003), ie from solutions containing more 
than 0-24 g/1. However, with agitation of the solution or the cathode, bright deposits 
could be obtained with an inclusion ratio of up to 0*0077. Ultrasonics can therefore 
be used to produce bright deposits with a higher benzotriazole content than those from 
a stirred bath (see Fig. 2).
Ultrasonics have also increased the intensity of the layers in the deposit and in 
certain areas of the cross-section there were no layers near the surface. This suggests 
that the rate of deposition of cuprous benzotriazolate had increased, resulting in the 
premature depletion of benzotriazole in the plating bath. Miller and Kuss23 have 
suggested that the use of intense agitation encourages the inclusion of foreign matter 
into the deposit, so the premature depletion of benzotriazole reported above agrees 
with their theory.
Hardness
The hardness values for plain copper deposits given in this paper are in good 
agreement with those recorded in the literature.18*24 Changes in the hardness with 
variation in the plating conditions similar to those described above have been reported 
previously; thus the hardness increases with increase of cd,1,5 ultrasonic vibration3 
and impurities,4 and decreases slightly with increase of bath temperature.1,25 All these 
plating variables, except for purification, change the grain size of the deposits and a 
correlation has been suggested between a high hardness and a small grain size.26-28
The hardness of deposits from a bath containing benzotriazole has not been widely 
studied but it is known that hard, bright, brittle deposits are produced.14,21 Some of 
the deposits from this unpurified bath were very hard (384 VHN) immediately after 
plating, but quickly became softer (about 300 VHN). This drop explains the slight 
variations in the values given in this paper as well as the high value of 374 VHN  
previously recorded,10 which was taken before softening occurred.
Changes with time after plating had stopped have been observed in the internal 
stress and electrical resistance of deposits as well as in the hardness. The micro­
stresses in bright copper from some baths have completely disappeared in 10 days29 
and, in sulphate baths with benzotriazole, tensile stresses increased and compressive 
stresses decreased.10,11 Deposits from a sulphate bath containing gelatine or thiourea 
showed a reduction in both the electrical resistance and the compressive stress.16 
The hardness of silver deposits has been found to fall by 50 per cent30 and in another 
case, from 105-90 to 65-50 V H N.31 The microstructure, microhardness and electrical 
resistance of iron deposits32 all changed with time.
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The high internal stress, electrical resistance and hardness of deposits and the 
subsequent decrease in those properties have been widely studied. For many metals 
the co-deposition of hydrogen has been suggested as the cause of high internal stress 
and hardness, eg iron,33 nickel,4-34-38 chromium4-35-38 and zinc.4-37-38 The adsorption 
of hydrogen during the plating of copper from the sulphate bath is not normally 
proposed as the reason for the internal stress, because the current efficiency is almost 
100 per cent, but this is the conclusion from some work by Nishihara et a/.39 The 
changes in the above properties according to this theory are explained by the diffusion 
of hydrogen out of the lattice and the formation of a less strained structure.32,39 
Another explanation of these changes is that the co-deposition of impurities or ad­
dition agents creates a distorted lattice and impedes the movement of dislocations.28,40 
The disintegration of co-deposited material31 and ordering processes which can take 
place in the distorted lattice16 may also account for these property changes. The 
co-deposition of cuprous benzotriazole in copper deposits has been established by 
Prall and Shreir9 and layers of this compound are shown in Fig. 3. This is probably 
one of the causes of the high hardness, and also the high internal stress, which has 
been recorded previously.11,13 The very fine grain size, less than 0-1 ^m, also increases 
the hardness of the benzotriazole deposits by reducing the movement of dislocations.
The increase in hardness of deposits with the storage of the benzotriazole solution 
prior to plating is probably due to chemical processes (oxidation) affecting the 
benzotriazole in the solution. A similar effect has been observed with the internal 
stress from this bath10 and also from the sulphate baths containing naphthalene 
disulphonic acid15 and thiourea.16
The effect of increasing the concentration of benzotriazole in the plating solution 
to 0-24 g/1 is known to increase the amount included in the deposit.21 It  is reasonable 
to expect the hardness of the deposit to increase with the amount of cuprous benzotri- 
azolate co-deposited. A maximum value of the hardness is obtained with 0-2 g/1, which 
also gives the brightest deposit. The reduction in hardness with higher concentrations 
could be due to the fact that peeling of the deposits occurred during plating, so giving 
stress relief and a reduction in hardness (a close correlation has previously been ob­
served between stress and hardness1,4,29). Another possible explanation is that at 
0-2 g/1 a very fine deposit is produced, which gives a maximum resistance to slip and, 
together with dispersion hardening due to co-deposited cuprous benzotriazolate, 
gives this peak hardness.12 At lower concentrations a coarser deposit is produced with 
a lower hardness while with higher amounts the fine deposit is retained, so that no 
further hardness occurs. The copper complex in the plating bath has been analysed 
and found to be cuprous benzotriazolate below 0-25 g/1 and cupric benzotriazolate 
at about 0-25 g/1, so this change could also affect the co-deposition and hardness of 
the deposits.41
Ultrasonic vibrations have produced copper deposits with a finer crystal size and 
containing more benzotriazole than deposits from the stirred bath. Both these 
factors increase the deposit hardness by impeding the movement of. dislocations. 
Because these vibrations also raise the limiting cd, give smoother and finer surfaces 
and reduce the internal stress and the brittleness, it is recommended that ultrasonics 
should be used to produce smooth, hard copper deposits.
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he use of benzotriazole as a corrosion 
lhibitor for copper
- Walker
nzotriazole is a specific corrosion inhibitor for copper and 
per alloys. I t  is now widely used in industry' to reduce the 
rosion of these alloys under both atmospheric and 
mersed conditions. Corrosion o f copper may produce a 
face stain or tarnish, pitting of surfaces of pipes or pro- 
te pitting o f other metals, such as aluminium, which are 
contact with dissolved copper in the water. Benzotriazole 
used to reduce these forms of attack and the methods by 
ich it is applied are discussed in this paper.
mospheric inhibition
pper is normally sufficiently noble to obviate the need for 
rrosion inhibitors. In  atmosphric conditions it generally 
velops a protective surface layer of corrosion products 
ich reduce subsequent attack Thus copper roofs become 
ated with a green patina which is protective and has a 
asing appearance. However, there are particular applica- 
ns in which a corrosive coating or tarnish is detrimental 
h as decorative finishes for domestic or ornamental 
rposes.
Techniques which can be used to prevent the tarnishing 
copper in air have been listed in a recent paper by 
jagopalan and Aravamudan1:—
1. packaging in materials that are impervious to gaseous, 
liquid and solid pollutants 
. application of a transparent lacquer
3. formation of a tarnish resistant surface film by dipping 
in a suitable electrolyte or b y . electrolytic treatment
4. purification of the air to remove hydrogen sulphide
5. addition of a tarnish resistant metal followed by the 
selective oxidation of the alloying element (often 
aluminium).
nzotriazole has been used in the first three of these tech- 
ues to prevent the atmospheric tarnishing o f copper and 
pper-based alloys. I t  has also been used as an additive to 
ter and other liquids to prevent corrosion/
The vapour from  benzotriazole stops the discolouration of 
pper surfaces which are in close proximity. The inhibitor 
n be contained in impregnated packaging which is the 
bject of several patents.2>3>4 One patent2 uses 5 - 10% 
nzotriazole in a paper, plastic film  or metal fo il together 
th suitable inhibitors fo r ferrous metals; another uses a 
ution of 0.5 - 1% benzotriazole to impregnate wrapping 
terial, so inhibiting the corrosion of copper and copper 
oys. Cotton5 found that interleaving paper impregnated 
th about 2% w t inhibitor was good fo r the storage and 
nsit of bright polished copper sheet: this resisted tarnish 
en immersed in seawater fo r an hour or exposed to salt 
st fo r 24 hours, although samples in untreated paper tar- 
hed in both cases. This type of paper has been used 
cessfully fo r export packs and is now available commer- 
lly.
Bright copper exposed to the concentrated vapour of
benzotriazole withstands staining when exposed to 0.25% 
salt mist for 24 hours or to 0.1% sulphur dioxide fo r 5 days.5 
This vapour treatment is particularly suitable fo r components 
which cannot be wetted e.g. electrical equipment. I t  is also 
suitable fo r application to brass surfaces, which are then 
able to resist attack fo r more than 14 days in an outdoor 
industrial atmosphere where the untreated surfaces tarnish.
Copper and its alloys are widely used fo r architectural 
metal-work. However, when it is used fo r exterior surfaces 
it loses the natural colour and tarnishes or stains. Much  
work has therefore been carried out to find a transparent 
coating which is durable over a long period in outdoor 
atmospheric conditions and stops this discolouration. This 
resulted in the formulation of Incralac6 which contains a 
small but essential addition of benzotriazole to inhibit the 
corrosion o f copper and copper alloys. This acrylic lacquer 
prevents any perceptible change in the colour of the copper 
or its alloys over a period of two or three years and has 
been widely used since it became commercially available in 
Britain on 1 June 1964. Because it can be applied easily and 
reduces the regular maintenance required it has been used 
for architectural bronze including tin bronze and wrought 
brasses as well as nickel silver and silver bronze on doors, 
nameplates, plaques, window frames, pillars and building 
facades, its uses are more fu lly described elsewhere.7-11 
Incralac has also been found to be a suitable coating for 
copper, brass, nickel silver and bronze test samples exposed 
to alpine conditions fo r 18 months.12 I t  has been used as an 
addition to paint, lacquer, ink,13 varnish14 and in a coating15 
and this use is subject to patents. A n  acrylic varnish con­
taining benzotriazole has been successful in protecting copper 
used fo r electrical purposes for more than 5 years.16
One lim itation of Incralac is that the acrylic coating is 
rather soft: this has resulted in the production of a harder 
lacquer based on polyurethane,17 containing 1.5% w t of 
benzotriazole with an ultra violet absorber to stop the coat 
yellowing, making the lacquer very suitable fo r finger plates 
and handrails. W hen subjected to a humid atmosphere and 
salt spray a copper panel covered with a polyurethane 
lacquer without any inhibitor tarnished at a scratch in the 
coating after two days, whereas a similar coating with benzo­
triazole was unattacked after four weeks.17
The dipping of copper into a hot aqueous or organic 
solution of benzotriazole has been found to form  a protective 
layer on the surface. Cotton and Scholesls have suggested 
that a suitable treatment is to dip the article fo r at least two 
minutes into a 0.25% aqueous solution at 60°C and then 
allow it to air dry. This has been applied satisfactorily to 
large scale industrial processes fo r brass strip, which then 
resisted staining fo r 11 days in an outdoor industrial atmos­
phere. This process of preventing tarnishing has been the 
subject o f several patents.19-21 The pitting of copper and 
copper alloy surfaces in domesic water systems has also been
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prevented by the treatment of the surfaces with the vapour 
or an aqueous solution of benzotriazole.22
Immersed corrosion
However, by fa r the greatest use of benzotriazole is as an 
inhibitor in cooling or heating systems, anti-freezes and other 
solutions. M any waters produce an initial dissolution from  
new copper pipes fo r a few weeks, at the end of which a 
protective film  is formed which prevents further attack. There 
are, however, certain very aggressive waters which can pro­
duce pitting of domestic water pipes in less than a year but 
these are, fortunately, unusual. The mechanisms o f pitting 
and dissolution of copper in different fresh waters have been 
widely investigated.23-26 One o f the most important aspects 
in the corrosion of copper is the detrimental effect o f copper 
ions in water, one indication of dissolution is given by the 
staining of sanitary fittings with a bluish-green colour. Waters 
which dissolve copper are called cuprosolvent and their 
importance! is illustrated by the fact that the presence of as 
little as 0.1 parts per m illion of dissolved copper27 in water 
can produce a breakdown of passivity and pitting in alumi­
nium. The copper ions are deposited, by a replacement 
reaction, on to the surface of the aluminium and form  
numerous small local action cathodes, which produce 
accelerated corrosion of the aluminium.28 Therefore, it is 
potentially dangerous to connect copper and aluminium  
together in a water system or to run water .through or over 
copper, i f  subsequently it comes into contact with aluminium  
e.g. water from  copper; roofing may cause pitting i f  it runs 
into alum inium : guttering or pipes. A lum inium  kettles have 
been completely. pierced by pitting corrosion caused by the 
action of copper dissolved from  water pipes.29 Pitting of 
zinc,30 galvanized. steel, iron and steel31 may occur by a 
similar process. The presence of copper ions in aqueous 
solutions may have a detrimental effect in textile, soap and 
food processing equipment, where the products may be con­
taminated. The copper; may also act as a catalyst in the 
deterioration o f ‘ chemical compounds; fo r example in the 
oxidation and breakdown o f anti-freezes. Chemical degrada­
tion of rubber by copper is also important in certain systems 
containing rubber hoses, and rubber hot water bottles have 
been known to perish in six weeks.29
Immersed inhibition
Benzotriazole, which is very stable, is soluble in both hot 
and cold conditions and does not suffer from  the formation 
of insoluble compounds by oxidation. This makes it very 
suitable fo r both heating and cooling systems as well as 
anti-freezes.32
In  enclosed water systems it has been found to form  a 
highly insoluble complex on the surface of copper. This 
compound, under suitable conditions, can prevent the move­
ment of copper ions into a solution and also the ingress of 
other substances which may cause the copper to tarnish. 
Thus it inhibits the corrosion of other metals formerly  
caused by contact with the dissolved copper as discussed 
above.
There are many patents for the use of benzotriazole to­
gether with other inhibitors to reduce the corrosion of metals 
used in  automobile cooling systems: these include copper, 
iron, zinc, aluminium, lead and alloys of these metals.33-39 
From  0.4% to as much as 80% benzotriazole has been in­
cluded in anti-freeze solutions40-43 to inhibit corrosion. Other 
patents involve the use of benzotriazole salts or substituted 
compounds44-46 fo r similar purposes. The use of 0.05— 2% wt 
benzotriazole, preferably 0.25% wt in hydraulic fluids con­
taining glycol ether, has been found to prevent the deleterious 
action on rubber and metal parts in the hydraulic systems of 
automobiles47.
The corrosion o f copper in distilled water has been reduced
from  400/ig/l to 27 pg/l by the addition o f 100 ppm be 
triazole.48 Thin  inhibition is important in closed circuit, wat 
cooled stators (used in the power industry), because the 
solved copper increases the conductivity of the water: i f  t 
increase is too great excessive energy losses or even fla 
overs may occur in conductors and heat exchange equipm 
because high voltages are used (6— 8kV). Thus the use 
benzotriazole to reduce the rate o f increase of ionic cone 
tration due to copper pick-up removes the necessity for c 
tinuous purification, lengthens the periods between flushi 
and enables a considerable capital saving to be made beca 
a demineralizer is no longer required.48
The inhibition of detergents to prevent the corrosion, 
nish or discolouration o f metals and machinery has b 
studied.5*49-51 Thus in a particular detergent the corrosi 
rate of copper has been reduced from  the range 3.1— 1 
g/in2hr, at 40— 100°C respectively, to 0.2— 0.4 g/in2/h r by 
addition of 1 g/1 benzotriazole.49 A  similar addition has a 
been found to stop the discolouration of copper and bras 
Benzotriazole compounds haye been found to very consid 
ably reduce the corrosion o f brass strip in a ‘T ide’ solutio 
as indicated:—  with no inhibitor the corrosion rate 
0.0865 in/year, with 0.1 g/1 copper bis-benzotriazole it 
0.0035 in/year, which was reduced to 0.0003 in/year by t 
addition of 0.025 g/1 of nickel bis-benzotriazole. I t  has a 
been added to the chemical coolant used in the machining 
uranium to eliminate the corrosion of copper in the circu 
tion system and bearings.52
The radiolytic corrosion of copper in irradiated cooli 
water circuits for proton accelerators has been found to 
different from  the normal corrosion in demineralized wate 
In  these conditions benzotriazole was found to be the b 
inhibitor tested. The recommended method for protecti 
was given as the passivation of the copper with a soluti 
containing 0.2 to 0.25% benzotriazole followed by the in 
bition of the water with an addition of 200— 500 ppm t 
zole.54
Inhibition of brass
The dezincification and corrosion of brass is inhibited by t 
presence of benzotriazole in the liquid.40’55*56 Dezincificati 
which results in regions o f brass being replaced by a poro 
mass o f copper, has been described as the disolution o f cop 
and zinc followed by the deposition of the copper ions.56 
insoluble copper-benzotriazole compound which forms 
the surface inhibits the dissolution of the copper and t 
reduces the corrosion of the brass as indicated.56
Corrosion rate-10-3g /d m 2/d a y
. A lloy 0.5 NaCI 0.5N HCl
W ithout
addition
1%
Benzotriazole
W ithout
addition
1%
Benzotriazo
a c a st -2 .2 + 0 .0 6 -6 9 -9 .9
[a+p)  c a st -1 .7 -0 .05 -33.1 -7 .0
P  c a s t -1 .7 + 0 .0 1 5 -3 4 -6 .9
(a + j 8 )  deform ed -2 2 -2 .8
Cotton5 has found that the inhibitor controls the stress c 
rosion of brass in an atmosphere of moist 0.1% sulph 
dioxide: an untreated specimen cracked in 3 days whereas 
treated one was satisfactory after 43 days.
Inhibition of copper in contact with steel
W hen two dissimilar metals with different corrosion potenti 
are metallically joined together and immersed, ths no 
metal becomes the cathode and stimulates the corrosion 
the other, the anode. Thus when copper and steel, whi
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The supporting m ast of Scheveningen 's  radio  tow er is pro tec ted  w ith  a DD fo rm u la tion .
DD formulations — ideal against corrosion
rom Johannesburg to Anchorage, 
laska, expensive machinery, equipment, 
ridges, buildings, and loading installa- 
ions are at risk from corrosion. Very 
ften conventional paints are just not 
uitable for their protection. DD finishes, 
he polyurethane coating systems based 
n the Bayer raw materials ®Desmodur 
nd ®Desmophen, are different.
esistant to sea air
fter only 1V2 years the mast supporting 
adio Scheveningen’s transmitters had 
een attacked by fine salt crystals. Re- 
lizing that salt-containing deposits and 
emperature fluctuations would only be 
ithstood by a really reliable protective
material, Radio Scheveningen decided 
to have the mast treated with a specially 
formulated DD finish. In the five years 
which have passed since the finish was 
applied the mast has hardly suffered at 
all.
DD — the finish that can be made to 
measure
Wherever the problems of corrosion are 
taken seriously DD finishes are being 
used ever-increasingly thanks to their 
outstanding physical and mechanical 
properties -  and to the fact that they 
can be tailored to suit the application 
concerned. Use the coupon to request 
detailed information.
Bayer Germany 
I Information 940 H
i P lease attach th is  coupon to  your le tte rhead , 
i g iving your nam e and position , and send it to: 
i U . K.: Bayer C hem ica ls  L td ., D ep t. A 7 , 
j K ingsw ay House, R ichm ond, Surrey.
: E ire: Bayer (Ire la n d ) Ltd ., Industria l Estate,
j K ill O 'the  G range, Dun L aogha ire , Co . Dublin .
□  P lease  send us d e ta ile d  in form ation  about DD surface coating  system s.
□  W e w ould like  to test DD fin ished surfaces. K indly send sam ples.
□  W e  have the  fo llow ing  techn ica l p rob lem , which w e would  like  to solve w ith a DD finish:
A dv ice  on th is  prob lem  w ould  be ap p rec ia ted  
from  our pa in t suppliers , w ho are
M essrs.
d d - l a c U
system
P o lyurethane lacquer
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have a large potential difference, are connected together the 
steel corrodes. One important example of this galvanic 
coupling is the joining of copper and steel pipes in domestic 
water systems.
The corrosion of ferrous metals in systems with other 
metals and alloys has been inhibited by a mixture o f sodium 
nitrite, sodium borate and benzotriazole.57 A  similar mixture 
has been found to reduce the corrosion o f iron in contact 
with copper by a factor o f 100 when benzotriazole was 
added,58 the effect of this addition (5mg/l) was enhanced if  
polyphosphates were present.
I t  is well known that the corrosion of steel is inhibited by 
the presence o f amines.32> 59-°2 However, these have been 
found to increase the corrosion of any copper present. This 
has led to the study of the joint effect of amines and benzo­
triazole on the inhibition o f both steel and copper when 
immersed together in distilled water.63 As the concentration 
of the amine compound was increased, the corrosion rate of 
the copper was found to increase, while that o f the steel 
decreased. The combined effect on the rate of corrosion of 
copper of different concentrations of amines and benzotriazole 
is shown below:
Inhibitors concentration m.mols/1 Corrosion
rate
Amine Benzotriazole g /m 2/day
1x 0 0.25
1 0.5 0
5 0 1.50
5 1 0.34
5 5 0
10 0 2.90
10 1 0.34
10 5 0.06
10 10 0
10° 0 0.8
10 1 0
x Ethylenediamine 
o Monoethanolamine
This shows that the simultaneous corrosion of copper and 
steel can be prevented by using a suitable mixture of benzo­
triazole and an amine.
In  a solution of 0.5 N a O H  and 1.0 N  (N H 4)2S 0 4 the 
presence of steel coupled to copper has been found to increase 
the corrosion rate of the copper by a factor of 4 to 5.64 The  
addition of benzotriazole has decreased the attack on the 
copper alone by 95% and, when in contact with steel, by
SHOT BLASTING AND 
METAL SPRAYING CO LTD
SILWOOD STREET, BERMONDSEY, S.E.16
Telephone: 01-237 1131
PROTECTION OF STEELWORK
BY
METAL SPRAYING & PAINTING
98.99%. Similar reductions (96 and 97%) were found * 
copper in contact with steel in 3% ammonia solution. T  
benzotriazole did not stimulate the corrosion of ferro 
metals.
The corrosion o f copper alone and also in contact w  
steel has been investigated in a solution of 0.5 N H C 1 a 
0.025 N  N H 4C1 as well as 1.0 N  H 2S 0 4 and 0.0 
N  (N H 4)2S 0 4.65 A n  addition o f 0.01 M  solution of benzotri 
zole reduced the corrosion o f the copper by a factor of 
in the first solution, but was less effective in the second. St 
alone, or in contact w ith copper, was well protected by
0.001 M  solution of benzotriazole. The protective action 
benzotriazole has also been investigated fo r copper and f  
rous metals in neutral and acidic media as indicated below 
The corrosion of steel and gray cast iron was reduced by 
factor of 8 to 10-fold by the use o f a 1 % addition to distill 
water over a 30 day test. In  a 2 normal solution o f hyd 
chloric acid the corrosion of copper was lowered by a fact 
of 5.5. Tests were also carried out in a buffer solution 
benzotriazole and its sodium salt at p H  of 7.5: the protecti 
concentrations of this mixture were 0.5% fo r gray cast ir
0.2% for steel, 0.6% for steel in contact with copper, 0.1 
for Ni-Resists and 0.001% for copper.68
Inhibition of other metals and alloys
Benzotriazole has been found to inhibit the corrosion of st 
and cast iron.c5>67>69 Steel is protected by 0.001m benzotri 
zole65 and the corrosion rate in water has been reduced fr
0.0543 to 0.0054 g/m 2/h r.67 A n  improvement has been fou 
i f  a mixture of benzotriazole and its sodium salt are used 
and at a p H  6-7 a 1 % solution almost completely stopped co 
rosion. A t a p H = 8  complete inhibition was obtained with
0.2% inhibitor mixture for m ild steel and with 0.5% for gr 
cast iron.67 This sodium salt has been found to reduce the c 
rosion of copper in neutral solutions and hydrocloric acid 
well as that of steel and gray cast iron in neutral conditio 
but it was not effective fo r ferrous metals in acid or neut 
solutions.68 The effect of water soluble organic sulphides 
the inhibition of benzotriazole for iron has been investigat 
by Nakagawa et al69 who found protection was increased f  
iron in neutral solutions but the corrosion increased in aci 
conditions.
Cadmium and cadmium alloys treated with a solution
0.01— 2% wt benzotriazole in water or industrial methylat 
spirits at 65° fo r 5 minutes did not tarnish in 24 hours 
an atmosphere containing 10 ppm hydrogen sulphide where 
an untreated sample stained in 2— 4 hours.70 The tarni 
resistance o f cadmium as well as copper surfaces has be 
improved by immersion or spraying with a 0.1— 5% soluti 
in alcohol or wrapping in a paper impregnated with b 
benzotriazole.71
The use of benzotriazole72 and its derivatives73 (which ha 
been claimed to give a marked improvement) have been us 
to inhibit tarnish on silver. Benzotriazole in a wax has be 
found to give good protection to chromium plated car h 
caps.74
Other uses
The inclusion of benzotriazole in greases and oils to inhi 
corrosion of copper, silver and steel surfaces has be 
patented.75-78 The addition of 0.2 to 2% of a solution 
alkylated benzotriazole to an ester based lubricating oil75 h 
been found to be effective: 0.05 to 5% wt benzotriazole76 h 
also been used in a similar oil and prevented the form at: 
of a light brown stain on copper at 200°C, this was also go 
for silver surfaces. The inclusion of 0.02— 0.06% has be 
found to make organosilozone grease less corrosive to copp 
and steel.77 W hen more than 0.5% wt benzotriazole was mix 
with thickened lubricating greases, rust was inhibited and t 
grease passed the A S T M  D  1743— 60T test: i f  less than 0.5
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was added the greases were border-line and they failed 
dly i f  no inhibitor was used.78 The rapid tarnishing o f soft 
tals such as copper during polishing was prevented i f  the 
lishing paste contained 0.1— 1.0% wt benzotriazole.79 In  
aline electro-cleaning solutions it inhibits the corrosion 
metal assemblies which contain copper or brass compo- 
nts.29 I t  has been incorporated in neutral wax to inhibit 
lishing of copper and copper alloys5: 0.1 to 10% may be 
ded either by dissolution in the molten wax or as a solu- 
n in a suitable solvent.80
Sheet made from  electrolytic copper powder, which had 
en treated with a 5% aqueous solution of benzotria- 
le did not stain after 3 days exposure to an industrial atmos- 
ere whereas untreated sheet tarnished in 18 hours.81 The  
‘pping of electrodeposited materials from  a copper cathode 
facilitated if  the cathode is treated with a 0.1— 1.0% aqueous 
ution of benzotriazole prior to deposition.82 This dipping 
atment reduces the coherence between the deposited coating 
d the basis metal so assists the removal of undamaged 
posits which are used in the production of foils, starting 
eets and electroformed articles.
The addition of benzotriazole to plating solutions to pro- 
ce bright electrodeposits has been investigated fo r zinc 
m a cyanide free alkaline bath88 and for copper from  the 
id sulphate bath.84-89 In  copper deposits it has been found 
increase the brightness and hardness of deposits) and dras- 
ally alter the internal stress.
eory of inhibition by benzotriazole
is widely known that the corrosion of copper in aqueous 
lutions is inhibited by the addition of benzotriazole. H o w  
er copper surfaces which have been treated with benzotria- 
le and then washed in aqueous and organic reagents still 
tain the inhibitive properties when the surface is exposed 
tarnishing conditions. This suggests that the benzotriazole 
strongly bonded to the metal and probably forms a chemi- 
rbed layer on the surface. The thickness of this type of film  
s been shown by ellipsometry to be less than 50°A  thick90 
insufficient surface material can be obtained for a detailed 
emical analysis.
Because it is impossible to make sufficient compound by 
e interaction of benzotriazole with copper, Cotton5 has pro- 
ced large quantities of copper benzotriazole complexes 
m reactions of ionic solutions and he studied the proper- 
s of these compounds. Both the cuprous and cupric deriva- 
es formed precipitates which were insoluble in water and 
many organic liquids. They were also thermally stable, the 
prous compound began to decompose at about 280°C and 
e cupric compound at about 200°C. H e  investigated the 
portance of the nitrogen and hydrogen atoms in the 
azole ring by comparing compounds in which different 
bstitutions had been made (benzotriazole, indazole, ben- 
idazole, indole and methyl benzotriazole). O f these ben- 
triazole and indazole prevented staining of treated copper 
en exposed to salt spray and only the form er retained this 
sistance when washed with chloroform or other organic 
lvents. This suggested that for stain resistance a compound 
quired an N -H  group together with at least one other nitro- 
n atom. Benzotriazole was the only compound which 
rmed insoluble complexes with copper ions. These studies 
nfirmed that of all these compounds benzotriazole appeared 
be the best inhibitor.
The strong bond which forms between benzotriazole and 
pper surfaces suggests it is similar to the chemical com- 
ation which occurs in the insoluble complexes with cop- 
r ions. F rom  the above studies Cotton5 considered that the 
ile hydrogen and two nitrogen atoms are required fo r the 
nding between copper and benzotriazole. In fra  red spec- 
scopic data indicated that cuprous benzotriazole was poly- 
ric so a linear structure was suggested. In  this structure
the copper was bonded using sp orbitals with a covalent link  
formed by the replacement of the hydrogen atom from  the 
N -H  group and a co-ordinate bond with a lone pair of elec­
trons from  one of the nitrogen atoms. A  chain is therefore 
built up of alternate benzotriazole molecules and copper 
atoms. The bonding in the cupric complexes (of which there 
are at least two) is more difficult to describe and it appears 
necessary to include chlorine, oxygen and water to fit the 
existing data. The structure of these compounds has not been 
established although it is known from  infra red measurements 
that they are polymeric. The presence o f a polymeric type of 
material is also supported by the low solubility and good 
thermal stability of these compounds as well as by crystal- 
lographic data. Further substitutions have been made in  the 
benzene ring of benzotriazole18 but unmodified benzotriazole 
appeared to give the best inhibitive properties.
The mechanism of inhibition of the benzotriazole is prob­
ably due to the reinforcement o f the copper oxide which is 
normally present on the surface of the metal. Electrochemical 
techniques have been widely used to study this inhibition. 
Dugdale and Cotton91 found that benzotriazole prevented the 
staining of copper by forming a complex on the surface of 
the metal: this complex acts mainly as a cathodic inhibitor but 
also as a physical barrier on the surface. In  contact w ith the 
copper this surface film  shows rectifying properties opposing 
the anodic current but not the cathodic current. Cotton and 
Giles92 decided that benzotriazole slightly suppressed the 
oxygen reduction process at the cathode but the main inhib­
ition was due to the formation of a passive film  which 
reduced the dissolution of copper at the anode so it was 
concluded that the main protection was afforded by anodic 
inhibition.
Results
Corrosion tests have been conducted in both atmospheric and 
immersed environments to confirm the inhibitive properties 
of benzotriazole for copper. Specimens of copper fo il dipped 
in an aqueous solution of w t benzotriazole at 60°C for 
5 minutes were compared with untreated copper in different 
atmospheres. The time before staining or tarnishing was first 
observed in salt spray, sulphur dioxide and rural atmospheres 
was considerably increased by the treatment with the ben­
zotriazole solution.
The addition of 0.12 g/1 of this inhibitor to stirred N /1 0  
solutions of different chemicals in distilled water has been 
investigated. The rate o f corrosion o f copper was reduced 
by this amount of inhibitor in all the solutions tested except 
ferric chloride in which an increase was observed. Those which 
showed significant reduction included acetic, hydrochloric, 
nitric and sulphuric acids, ammonium chloride and sodium
STAINLESS STEEL
S H E E T  • P L A T E  • B A R  • T U B E  • S E C T I O N  
SUBSTANTIAL STOCKS - COUNTRYWIDE DELIVERIES
ALLOY &  METAL
STOCKHOLDERS LIMITED
LIVINGSTONE ROAD, STRATFORD, LONDON, E.15
T elephone 01-534 4233 (10 lin es) T elex  896917 
A lso  at Birmingham 021-552 5941, Sheffield  0742-40532 
and G lasgow  041-221 0418
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Fig. 1. C o rro s io n  te s ts  w ith  am m onium  
c h lo r id e  so lu tio n , (a ) No benzo triazo le .
(b ) 0 -1 2 g /1  benzo triazo le
chloride and solutions containing dissolved carbon dioxide 
and sulphuric dioxide. The immersed copper surfaces in many 
of these solutions were badly tarnished whereas with the in­
hibitor this tarnishing was prevnted in sodium chloride and 
sodium sulphate, acetic acid, ammonium chloride and carbon 
dioxide. Fig. 1 shows the marked difference in corrosion 
behaviour between copper immersed in ammonium chloride 
solution (a) without and (b) with benzotriazole. With no 
inhibitor the solution was cloudy and the specimens stained 
but with benzotriazole the solution was clear and the copper 
clean. In Fig. 2 the staining of copper specimens is shown 
for three different solutions: no staining was observed with 
benzotriazole.
As mentioned in a previous section on immersed corrosion 
the presence of dissolved copper ions may produce pitting 
of aluminium surfaces. A section of an aluminium kettle 
used with water containing dissolved copper which perforated 
in about 18 months is shown in Fig. 3. This is also illustrated 
in Fig. 4 which shows a pitted aluminium foil specimen 
which was immersed together with copper foil in distilled 
water for only two days: the copper foil showed no visual 
sign of corrosion and only a very slight loss in weight.
Discussion
The corrosion tests indicate the extensive range of inhibition 
which can be obtained for copper surfaces by the use of 
benzotriazole. However, it may be necessary to ascertain the 
correct concentration of inhibitor required to give protection 
because if insufficient is used the corrosion rate may be 
increased in certain conditions. This occurs with many anodic 
inhibitors and is in agreement with Cotton and Giles who 
found that benzotriazole acts mainly as an anodic inhibitor.
The rapid pitting of the aluminium foil is an example of 
the potential danger of waters containing dissolved copper 
coming into contact with other metals The uses of 
benzotriazole can be considered to be the prevention 
of staining of atmospheric and immersed surfaces- 
the reduction of the rate of corrosion of immersed copper 
surfaces and the avoidance of the detrimental effects of 
dissolved copper ions in the water. These effects include the 
corrosion of other metal surfaces, the degradation of rubber 
surfaces and the catalytic deterioration of chemical com­
pounds as well as the contamination or discolouration of any 
products in manufacturing processes.
Fig. 2. S ta in ed  spec im ens a fte r  te s tin g  fo r  5 days  
(a— no be nzo triazo le ; b— 0 -1 2 g /1  be nzo triazo le )
( i)  A m m on iu m  c h lo r id e  ( i i )  F iyd ro ch lo ric  ac id  
(H i) S od ium  c h lo rid e
Summary
This paper has reviewed the commercial and industrial u 
of benzotriazole as a corrosion inhibitor for the reductic 
of the rate of corrosion of copper and copper alloys as w 
as some other metals. The methods of applying the inhibit 
in gaseous, aqueous and solid environments are describe 
The theory of inhibiton is briefly reviewed and a comparis 
of benzotriazole with other similar chemicals is made. T 
results of corrosion tests carried out indicate the extensi 
range of different aqueous environments in which the rate 
corrosion can be reduced by the use of benzotriazole. A1‘ 
included are several examples in which benzotriatrole p 
vented the tarnishing of copper surfaces in atmospheric a 
aqueous environments.
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International Congress on 
Anti-Corrosion Coatings
On 22-23 October this year, an international congress on ‘New  
Trends in Anti-Corrosion Coatings’ w ill be held in M ilan, 
Italy. I t  is being sponsored by Colorificio Italiano M ax  Meyer, 
an Italian paint and varnish manufacturing concern.
The congress has been organized on an international scale, 
with respect to speakers and delegates, in order to evaluate 
the different atmospheric conditions (that determine corrosion 
rates and to study the protection methods adopted by the 
leading countries in the field of technology.
The programme, at the time o f writing, includes papers on 
the following subjects, the country of origin being given in 
brackets:
' Economic aspects of metal corrosion (Czechoslovakia). 
Process and corrosion forms: steel and light alloy protection 
(France). ......
Surface preparation (U .S.A .)
Advanced application methods (Sweden).
Zinc-rich anti-corrosion primers (Italy). '
Protection of pipelines,’ sea-lines, pressure water pipes and 
dams ( Ita ly ) .: • , . • _
Paint systems for the chemical'and petrochemical industries. 
Comparison between conventional and long-lasting paint 
systems (U .K ./U .S .A .). , ; - ’ - '
The closing date fo r registration is 10 October and fu ll 
details can be obtained from  the Secretariat at V ia  Visconti 
Venosta 7, 20122 M ilan, Ita ly . - _ ■
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X s a l i i u g  c o r r o s i o n ...
So once again corrosion makes the front pages. The navy 
is apparently in  trouble because detonators on torpedoes 
have corroded either unexpectedly or because somebody 
forgot that action has to be taken to keep corrosion at bay. 
I t  is odd that every two years or so there is a m ajor news 
item in the national press blaming corrosion fo r some 
costly trouble. W hy do we never see an item praising anti­
corrosion? Perhaps they do exist but i f  they do they must be 
tucked away in the middle pages somewhere as we never 
see them. M ind  you the national press has our sympathies. 
W e receive a lot of paper in our office each week and a 
m ajority of it  tells us how wonderful such and such a 
product or material has been in solving a specific corrosion 
problem. W hen we do get one'that says that something has 
failed it  is a red letter day.
Some years ago, when we could afford the entry fee and 
the time, we were wandering around the Boat Show, when 
we encountered a wooden hulled vessel fitted with magnesium 
anodes. W e were solemnly told by the salesman that the 
anodes would not need replacement for a long time as they 
had been well painted. The trouble was that we were uncer­
tain as to whether or not there might have been something 
in this— the marine boys seem to have a habit of coming up 
with the unexpected in  a very practical way.
W hat brought this to mind was a report that a Round 
Britain Sailing Race ketch, The Ocean Spirit, built by 
moulding in glass fibre (that seems amazing enough.in itself) 
needed over 5,000 bolts and screws of stainless steel and 
silicon bronze. Obviously no matter how anti-corrosive is 
the hull it won’t  do the job properly unless all the bits fixed 
to it  are fixed with anti-corrosive fasteners. That we under­
stand (think of fixing plastic guttering) but 5,000 special 
fasteners and, in addition, a claim by the builders that this 
is less than is required on traditionally built ketches of this 
size. W e’ve already mentioned in this month’s commentary 
the idea of the need to make fasteners non-corrodible and 
now we hear of this. The message is, o f course, that with 
fasteners in such material being available then some of the 
designers’ excuses no longer hold water (we hope that the 
ketch does.)
W e suppose that it  could be loosely said that the level of 
our success in anti-corrosion can be judged by the value of 
scrap steel in the country. W e are always interested in  useless 
bits o f inform ation and on the scrap steel front we find that 
although there is • talk o f raising ferrous scrap steel 
prices from  about £12 a .to n  in. this.country we are still way 
below the £20 plus a ton ;on the Continent and in  America 
and Japan. Apparently exports o f scrap steel are virtually  
banned because o f the' home industrial demand (a period 
o f stagnating industry?) which is running at over 8 m illion
tons per year. A re  we being conceited when we say that i f  a 
o f us in anti-corrosion were to pack up tomorrow then th 
country’s export figures would soar by the addition of a 
this scrap steel. W e wonder.
W e’ve just laid our hands on another material corrosio 
performance chart (Polypenco Chemical Resistance Cha 
showing the performance of six specific materials in som 
200 different liquids. W hilst we are great believers in th ’ 
method of inform ation presentation we use them onl 
as a guide to possible material utilization. This we ha 
shown by including a certain amount of such data in o 
D ata Guides. The trouble is, though, that there seems to b 
an infinity of materials and an infinity o f liquids producin 
in consequence, an infinity (How  much IS  infinity squared, 
of corrosion charts. W e collect them but even so, by th 
famous engineers’ law, the particular liquid/material combin 
ation we want is never covered.
One difficulty we have found with these wall charts 
actual wall space. W e’ve been giving serious thought t 
preparing a special corrosion performance wallpaper fo 
corrosion experts’ offices. Anybody interested? I t  would b 
in vinyl, of course.
O ur job is to talk corrosion: whether in the form  o f thi 
column or in the more form al form  of the lecture typ 
discussion is unimportant. W e use words to explain happe 
ings and things and, i f  we’re any good at our job, we can pa 
out a sentence without the reader being aware that wh 
he is reading is rubbish or, fa r more important, we ca 
condense a mass of information into, we hope, a pithy se 
tence. In  doing the latter we find that we must be idiomati 
When we are doing this we sometimes stop and look bac 
at ourselves (it’s a harrowing experience). T ry  doing thi 
yourself and look into the terminology that you use th 
would be rubbish to anybody outside your own field. Co 
sider, fo r example (with apologies to anybody who ma 
recognise it as their own— the owner should form  a queu 
the phrase ‘impervious skin on a ferrous substrate’. H o  
on earth can the writer consider that the uninitiated wi 
understand what he is talking about? This, unfortunately, i 
the type of language that is being used by many manufa 
turers to publicize their wares. The resultant unfortuna 
mixture of publicity copy and coy technicality is qui 
unbelievable. W e are certain that many perpetrators o 
some of the information we receive would not understan 
their own words i f  we sent them back a week later.
O ur latest gem is ‘. . .  the carefully controlled applicatio 
by manually operated non-dynamic means of a resista 
skin to the surface of a ferrous substrate’. H o w  complicat 
can slapping on a coat of paint become? (believe it or n 
this beautiful phrase was written by an Englishman).
he Effect of Benzotriazole on the Stress in Copper Electrodeposits
R. W alker*
ABSTRACT
The internal stress in copper electrodeposited from a copper sulfate-sulfuric acid bath 
was measured at different solution temperatures and current densities. The tensile stress 
was found to decrease from 3.9 kg/mm2 (5600 psi) at 3C to 0.07 kg/mm2 (100 psi) at 98C. 
An increase in the current density raised the tensile stress from 0.18 kg/mm2 (250 psi) at 
0.26 A/dm2 to 2.6 kg/mm2 (3700 psi) at 13 A/dm2. These results are in general agreement 
with other published work.
Stress measurements were also made with deposits from a similar bath containing an 
addition of M/1000 benzotriazole. This modified bath produced copper with a bright 
surface whereas the bath without this addition gave dull or mat deposits. The presence of 
the benzotriazole also had a very marked affect on the internal stress. At low bath tem­
peratures high tensile stresses were observed (about 12.6 kg/mm2, 18,000 psi at —2C) and 
as the temperature increased the stress decreased and became compressive. This com­
pressive stress increased to a maximum, about 12.6 kg/mm2 at 2.6 A/dm2, and then de­
creased to almost zero at 90C. At low current densities high compressive stresses were 
observed: 9.1 kg/mm2 (13,000 psi) at 2.6 A/dm2 and 31C, and 4.9 kg/mm2 (7000 psi) at
1.2 A/dm2 at 22C. As the current density increased the compressive stress decreased and 
became tensile, reaching values of 10.5 kg/mm2 (15,000 psi) at 31C and 11.9 kg/mm2 (17,000 
psi) at 22C at 13 A /dm2. Prior to this work the highest compressive stress observed with 
deposits containing benzotriazole was only 5.2 kg/mm2 (7500 psi).
Both the bath temperature and the current density had a marked effect on the grain 
size of the deposits. I t  was noted that a deposit with a low stress had a large grain size and 
a high stress occurred with a small grain size.
'his p a p e r  r e p o r t s  t h e  e f f e c t  on the internal stress of 
the deposits, of varying the bath temperature and current 
nsity in an acid copper sulfate plating bath with and with- 
t  an addition of benzotriazole. The effect of varying the 
ncentration of copper sulfate in these baths has been previ- 
sly investigated.1
Benzotriazole is a well known corrosion inhibitor for copper 
d copper alloys.2- 3 A thin protective film of a copper 
nzotriazole compound is formed at the interface when cop- 
r is dipped into a solution of benzotriazole. Cotton and 
ugdale2 found that this compound is a cathodic inhibitor 
r the oxygen reduction reaction and so reduces the cor- 
sion rate. Cotton and Giles2a discovered that the anodic 
' solution of copper in a solution containing benzotriazole 
suppressed by the occurrence of a region of passivity, 
hey concluded that benzotriazole is mainly an anodic in- 
bitor although it also functions as a weak cathodic inhibitor, 
was one of the first known corrosion inhibitors to be de- 
erately introduced,3 probably as cuprous benzotriazole,4 
to a copper electrodeposit to increase the corrosion resist - 
ce of the coating. Prall and Shreir4 confirmed this codepo­
tion by recovering the benzotriazole from a deposit in the 
decomposed form. The use of benzotriazole as an addition 
ent produces bright copper deposits and has been further 
vestigated.5-7 Details of the copper benzotriazole com- 
exes, which may act as inhibitors, are given elsewhere.8- 9 
Benzotriazole in the plating bath has been observed to have 
pronounced effect on the internal stress in the copper elec- 
odeposits.1- 3- 5 Deposits produced under different plating 
nditions have been observed to have a high tensile or com- 
essive stress. Because a high tensile stress has a detri- 
ental effect on certain properties of the plated article, as 
' cussed below, it is important to know how the stress varies 
'th the plating conditiohs so that suitable coatings may be 
oduced. -
* Department of' Metallurgy and Materials Technology, University of 
rey, Guildford, Surrey, England.
The presence of a high tensile stress may cause a deposit 
to peel (if the adhesion is poor), produce deformation of a 
thin substrate or cause the coating to crack. This deforma­
tion of a thin substrate or deposit is particularly harmful in 
electroforming processes and cracking of the coating may de­
crease the corrosion resistance. A  high tensile stress reduces 
the fatigue, corrosion fatigue and stress corrosion properties 
of a plated article whereas a compressive stress is normally 
beneficial. Further details of the properties affected and 
methods of controlling the internal stress have been de­
scribed elsewhere.10-13
LITERATURE REVIEW
Because the stress in a deposit depends upon the experi­
mental plating conditions/many of which are interdependent, 
the literature appears conflicting and comparisons are diffi­
cult to make. However, it is possible to obtain a general 
indication of the variation in the internal stress due to changes 
in  the bath temperature and current density.
Normally, an increase in the bath temperature reduces the 
tensile stress in a deposit. For metals plated w ith a high 
tensile stress this reduction may be considerable: for iron 
deposits14 from the sulfate-chloride bath, the tensile stress* 
was reduced from 41 kg/mm2 (59,000 psi) at 61C to 22 kg/ 
mm2 (31,000 psi) at 80C; and for hard nickel,15 the values 
were 20 kg/mm2 (28,500 psi) at 30C, 16 kg/mm2 (22,800 psi) 
at 50C and 12 kg/mm2 (17,100 psi) at 70C. However, for 
copper deposits the tensile stress .was much lower than these 
values and, as the bath temperature increased, the tensile 
stress has been observed to decrease and became compressive 
in some cases. This reduction with increase in temperature 
was measured by Lamb and Valentine16 who obtained the 
following values: with a current density of 4 A /dm 2 the stress 
was 2.9 kg/mm2 at 20C, 1.5 kg /mm2 at 30C and 0.13 kg/m m 2 
at 45C (4200, 2200 and 200 psi); and at 2 A /dm 2 the corre-
* 1000 psi = 0.7 kg/mm2; 1 kg/mm2 = 1420 psi.
PLATING
Fig. 5. Titanium chemical milling using translucent maskant for 
selective chemical milling.
the 504 (based on 5 cm (2 in.) squares) thickness readings 
were as shown in Table VI after the selective chemical milling. 
The nominal spread could be reduced to a variation of ±25 
Hm (1 mil) by masking off the five low spots (ignoring one 
high spot) and chemically milling 25 /xm (1 mil) from the 
remainder of the surface. This part would then meet the 
weight requirements with plenty to spare; in fact, it would 
have met the weight requirement without this additional 
operation as there were more 0.068 readings than the 0.070 
in. readings combined.
Production P art Chemical M illing
The tank cones and domes are chemically milled in the 
same position at all times. This does not give an opportunity 
to correct the taper induced by the etchant by inverting the 
part 180° between etchant immersion cycles. For example, 
a 117 cm (46 in.) diameter dome which has an initial thickness 
variation of 178 /xm (7 mil) would at times have a thickness 
variation of approximately 500 /xm (20 mil) after it was chem­
ically milled in the standard etchant solution. The thickness 
variation was relatively unchanged when it was chemically 
milled in the nitric-hydrofluoric acid solution. Thus, the 
amount of selective chemical milling may be reduced on this 
type of part even though the weight tolerance was reduced 
by 60 per cent.
TABLE VI
SELECTIVE CHEMICAL MILLING VIDIGAGE READINGS 
Thickness (in .) No. Readings
0.071 1
0.070 29
0.069 315
0.068 154
0.067 5
Etchant activity in general is extremely reproducible f 
part to part and from day to day at the same etchant t 
perature. However, several factors were determined t 
could influence the etch rate. They were:
Metal parts less than 0.5 mm (20 mil) thick will at ti 
chemically mill at an extremely slow rate— this is because 
thin metal parts do not retain sufficient heat to maintai 
good etch rate; and the wetting agent must be maintained 
a sufficient level to insure proper wetting of the metal surf 
— if the surface is not wet properly, it will become passive 
the etchant solution.
CONCLUSIONS
Nitric-hydrofluoric acid etchant meets all the design 
quirements for a slow titanium etchant that will give a 
form etch rate over the surface being chemically mill 
Tests indicate that there will be no problem with hydro 
pickup in this etchant. This etchant should be used for 
titanium selective chemical milling and some of the ma 
metal removal steps on the cones and domes.
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sponding figures were 10 kg/mm2, 0.17 kg/mm2 and a com- 
pressive stress of 0.22 kg/mm2 at 45C (1500, 250 and —300 
psi).
For most metals, an increase in the current density in- 
creases the stress in a tensile direction at a given thickness of 
deposit. For deposits with a high tensile stress, a significant 
increase is found: in iron deposits11 from the sulfate-chloride 
bath, the change was from 27 kg/mm2 (39,000 psi) at 5 A/ 
dm2 to 59 kg /mm2 (84,000 psi) at 20 A /dm2. In nickel coat­
ings15 from the sulfamate bath, the compressive stress de­
creased from 5700 psi with 4 A /dm2 to 1420 psi with 10 A/ 
dm2. In copper deposits, an increase in the tensile stress has 
been found by Nishihara and Tsuda,17 Lyzlov and Samartsev18 
(2.2 kg/mm2 at 0.5 A/dm2 to 6 kg/mm2 at 4.5 A/dm2) and 
Vagramyan and Petrova19 (2.3 kg/mm2 at 1 A/dm2 to 5 kg/ 
mm2 at 2 A/dm2). Lamb and Valentine16 observed a change 
from a compressive stress of 0.07 kg/mm2 at 0.5 A/dm2 to a 
tensile stress of 1.3 kg/mm2 at 2.0 A/dm2 and 2.7 kg/mm2 
4.0 A /dm2.
EXPERIMENTAL
The stress measurements were made with the Brenner- 
Senderoff Spiral Contractometer20 with the modifications sug­
gested by Fry and Morris.21 The spirals, which are the 
cathodes in this instrument, required careful preparation to 
ensure good adhesion of the deposit to the stainless steel 
substrate. These helices were degreased in acetone in an 
ultrasonic bath and etched in concentrated hydrochloric acid. 
They were then plated with nickel from the Wood’s bath at 
60C with 1 A for 1 min, thoroughly washed and plated with 
copper from the cyanide bath for 2 min at the same tempera­
ture and current and again thoroughly washed. This pro­
cedure was found to produce a lustrous copper surface. If 
this bright surface was not obtained, the preparation process 
was repeated because reproducible stress measurements 
could only be obtained from identical substrate surface con­
ditions. After a satisfactory pretreatment, the spirals were 
calibrated in the usual manner and were then ready for plat­
ing with the acid copper bath.
The composition of the bath was 125 g/1 commercial grade 
copper sulfate (CuS04.5H20) and 49 g/1 commercial grade 
sulfuric acid in distilled water. The plating tank was a beaker 
which was lined with a freshly-etched cylindrical copper foil 
anode. This arrangement gave a uniform deposit of copper 
on the outer surface of the helix but virtually no deposit on 
the inner surface. The plating time was 30 min with 1 A 
(equivalent to 2.6 A/dm2) which produced a deposit thick­
ness of about 8.5 /xm (0.3 mil). At different current densities, 
the plating time was that which gave the same deposit thick­
ness (e.g., 10 min at 3 A). The plating bath was magnetically 
stirred to allow mixing of the solution which reduced any 
temperature gradients as well as the polarization but was 
sufficiently slow to prevent aeration. The plating bath was 
immersed in a water bath and the temperature controlled 
to ± 2C.
The deflection of the dial, produced by the stress in the 
deposit on the spiral, was recorded every minute with a 
current of 1 A or at the equivalent thickness (every 20 sec 
with 3 A). This gave a continuous record of the variation of 
the deflection with the deposit thickness. The stress was 
calculated for each experiment after deposition for 0.5 A-hr 
and this value was used in the graphs.
The experiments were repeated with a similar plating 
solution to which had been added 0.119 g/1 benzotriazole 
(M/1000). This addition was made to the bath just prior to 
deposition because an ageing effect5 has been observed with 
benzotriazole and the timing of the addition affected the 
stress. The procedure was the same as for the pure bath 
(without the addition) but the plating time was 15 min and
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Fig. 1. Stress vs bath temperature for copper deposits.
readings were taken every 0.5 min or at the equivalent 
thickness.
A qualitative assessment of the grain size was made using 
flat copper cathodes which were plated under the same con­
ditions of temperature and current density as the spirals. 
These cathodes were then mounted in Bakelite, polished, 
etched and examined under the microscope.
RESULTS
Effect o f Bath Tem perature
Bath W ithout Add ition Agents
In the copper deposits from the plain bath, the tensile 
stress decreased as the temperature of the plating solution 
increased, Fig. 1. This decrease in the stress was very marked 
at low bath temperatures: from 3.9 kg/mm2 (5600 psi) at 3C 
to 1.2 kg /mm2 (1700 psi) at 15C; but at higher temperatures, 
only a slight change was observed: from 0.5 kg/mm2 (700 psi) 
at 33C to almost zero at 98C. All the deposits had a mat 
appearance (Fig. 2) with good adhesion to the basis metal, 
arid no peeling was observed. The grain size of the deposits 
increased with the bath temperature.
Bath Containing Benzotriazole 
For deposits from the bath containing benzotriazole, the 
change in the stress with bath temperature is shown in Fig. 3; 
it was more complex than for the bath without benzotriazole. 
A high tensile stress, about 12.5 kg/mm2 (18,000 psi), was
• .••i.isV
V;v a
Fig. 2. Spiral plated w ith  mat deposit.
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Fig. 3. Stress vs temperature w ith  benzotriazole.
observed in deposits plated at a current density of 2.6 A/dm2 
and a bath temperature about OC. For deposition at this 
temperature at a current density of 10.4 A/dm2, the deposits 
were so stressed that they usually peeled from the substrate 
at temperatures below 20C, as shown in Fig. 4. This peeling 
reduced the tensile stress in the deposits so that the values 
obtained were much lower thah those which would have been 
observed without the stress relief produced by the peeling.
As the bath temperature increased, the tensile stress de- 
creased to zero at about 23C at 2.6 A/dm2 and about 43C at 
10.4 A/dm2. With a further increase in the temperature, a 
compressive stress was observed with a maximum value of 
about 12.5 kg /mm2 (18,000 psi) at 44C and 2.6 A /dm2 and 
about 6.3 kg/mm2 (9000 psi) at 60C and 10.4 A/dm2. The 
stress then decreased to very low values at about 80C. No 
peeling occurred in deposits with a high compressive stress. 
All the deposits from the bath containing benzotriazole had a 
brighter appearance with a grain size which was different 
from those from the bath without benzotriazole.
A stress after-effect, which has been observed elsewhere,5 
was observed with the deposits from the bath containing 
benzotriazole. This effect involved a change in the stress, 
after the current had been switched off, which increased in a 
tensile direction, i.e., a tensile stress increased and a com- 
pressive stress decreased.
Effect o f C urrent Density
Bath W ithout Add ition Agents
In all deposits from the plain bath, a tensile stress was ob- 
served at a solution temperature of 22C. The stress increased
with the current density from a low value of about 0.18 kg,/ 
mm2 (250 psi) at about 0.26 A /dm2 to 2.6 kg /mm2 (3800 psi) 
at 13.0 A/dm2, as shown in Fig. 5. The deposits were mat 
(Fig. 3) with good adhesion, and no peeling occurred. The 
grain size of the deposits decreased as the current density 
increased.
Bath Containing Benzotriazole
The changes in the stress with current density for deposits 
from the bath containing benzotriazole are shown in Fig. 6. 
At low current densities a compressive stress occurred which 
increased to a maximum value of about 5.6 kg /mm2 (8000 
psi) at 22C and 1.3 A/dm2 and about 9 kg/mm2 (13,000 psi) 
at 31C and 2.6 A/dm2. As the current density increased, the 
stress decreased to zero at about 2.3 A/dm2 at 22C, and about
5.2 A/dm2 at 31C. A tensile stress was produced at higher 
current densities; this appeared to approach a constant value 
of about 12 kg /mm2 (17,000 psi) at 22C and 10.5 kg /mm2 
(15,000 psi) at 31C and 13.0 A/dm2.
The deposits with a compressive stress did not peel but 
some deposits with a high tensile stress showed peeling, as 
shown in Fig. 4. The deposits appeared brighter with a dif­
ferent grain size from those from the bath without benzo­
triazole. A stress after-effect was again observed.
Fig. 4. Spiral plated w ith  deposit which has peeled due to 
high stress.
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Fig. 6. Stress vs current density for bath w ith  benzotriazole.
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Fig. 5. Stress vs current density for copper deposits.
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Fig. 7. Log stress vs bath temperature.
DISCUSSION
This work was carried out with commercial purity chem- 
icals in distilled water because this is of immediate interest to 
industry. The use of either high purity chemicals or the puri- 
fication of the plating solution is often not economically viable 
in commercial plating. However, it is envisaged that further 
fundamental work will be carried out using different purifi­
cation techniques to assess the effect of different impurities 
on the internal stress. Lyzlov and Samartsev18 have found 
that impurities in copper plating solutions increased the 
tensile stress, whereas the presence of chloride ions22 is known 
to lower the stress. Theories to explain the change in the 
stress due to impurities have been proposed by Hoar and 
Arrowsmith,23 Kushner10 and Popereka.24
The timing of the addition of the benzotriazole to the plat­
ing bath was important because it affected the resulting in­
ternal stress. This is called the ageing effect5 and the tensile 
stress in the deposit has been found to increase with the time 
period between the addition and the commencement of plat­
ing. In  this series of experiments, the addition was made 
immediately before plating to reduce to a minimum any 
tensile stress resulting from this ageing effect. A similar 
change in the stress with naphthalene disulfonic acid in the 
copper sulfate plating bath has been observed by Vagramyan 
and Petrova.25
To obtain reproducible stress measurements, it was essential 
to plate the spirals with a fine bright copper surface from the 
cyanide bath prior to deposition with the acid copper elec­
trolyte. The importance of the surface condition has been 
extensively studied and Kushner10 found it had a marked 
effect on the stress in thin deposits but a negligible effect at 
a thickness of 7.6 /xm (0.3 m il). The surface cleanliness (in­
cluding the presence of any oxide film) also has a significant 
influence on the adhesion of a deposit, and if  this was poor, 
peeling often resulted.
The main error in the stress measurements was due to the 
reproducibility of the contractometer. The sensitivity of the 
instrument depended upon the spirals used and was ±  1°, 
equivalent to a stress of about 0.1 kg /mm2 (150 psi). The 
effect of raising the temperature of the helix was investigated 
using a bath of distilled water and observing any deflection. 
No deflection was observed below 40C, and a maximum of 
3° at 90C which was produced by the different thermal co­
efficients of the copper and nickel coatings and the stainless 
steel helix. This deflection of 3° was equivalent to a com­
pressive stress of about 0.3 kg /mm2 (450 psi). Any change in 
the stress which was greater than ± 0 . 2  kg /mm2 (300 psi) 
at room temperature and outside the range 0.1 to 0.5 kg/ 
mm2 (150 to 750 psi) (compressive) was considered significant 
and produced by changes in the bath temperature or current 
density.
Discussion o f Stress Results
The presence of an internal stress in an electrodeposit is 
thought to be due to an expansion or contraction of the 
deposit during, or soon after, the deposition process. The de­
positing layer may be formed with a volume which differs 
from that of the basis layer and then be elastically deformed 
to fit the basis. Another explanation is that the depositing 
layer fits the basis metal layer and then expands or contracts 
after deposition. The current density, bath temperature and 
other plating variables affect the condition of the deposit 
and the internal stress.
Pure Deposits
The decrease in the tensile stress from a high value at a low 
bath temperature to a low stress at a high temperature is in 
general agreement with other observations.16- 18- 26- 27 The  
relationship between stress and temperature with a current 
density of 2.6 A /dm 2 appears to obey a logarithmic law, Fig. 7 
(the deviation at high temperatures can be ignored because 
there is a large experimental error with low stress values) 
rather than the inverse relationship found by Lamb and 
Valentine.16 Further work is planned to determine if  this 
logarithmic law is obeyed at other current densities using the 
copper sulfate-sulfuric acid bath. An increase with tempera­
ture in the grain size of the deposits was also found, which 
agrees with other published results.16- 28- 29
The increase in 'the tensile stress with an increase in the 
current density was of the same order as that observed by 
other workers.16- 18 The grain size decreases w ith the current 
density and this has been correlated elsewhere with increased 
hardness, tensile strength and ductility.28- 30- 31
Several theories have been proposed to explain the effect of 
the bath temperature and the current density on the internal 
stress on an electrodeposit. Several workers have noticed the 
correlation, found in this work, between a small grain size 
and a high tensile stress. Kushner10 observed th at the grain 
size has a definite effect on stress and M ahla32 found an in­
verse relationship between the stress and grain size. Subram- 
anian et aln suggested that the grain size and internal stress 
are the result of some common factor rather than the grain 
size influencing the stress. W ork is now being done to study 
this correlation between grain size and internal stress in 
copper deposits using no addition in the plating bath.
Deposits with Benzotriazole
The addition of benzotriazole to the plating bath has a 
marked effect on the internal stress. A t low temperatures 
or high current densities, a high tensile stress, about 12.6 kg/ 
mm2, is produced: these conditions in the plain bath gave 
deposits with a maximum tensile stress of about 2.8 to 3.5 
kg/mm2. A t bath temperatures about 40-50C or low current 
densities the plain bath produced deposits with a low tensile 
stress and the bath containing benzotriazole gave deposits 
with the high compressive stress of about 12.6 kg/mm2. A t 
high temperatures, above 55C in the plain bath and 80C in 
the bath containing benzotriazole, the stress was very low. 
Thus the effect of benzotriazole on the internal stress is re­
lated to both the bath temperature and the cathodic current 
density.
The change in the stress with increasing deposit thickness 
has been discussed in general by Kushner10 and in copper 
deposits with and without benzotriazole in other papers.1- 5 
Several of the deposits with a high tensile stress peeled away 
from the basis and the deposit curled as shown in Fig. 4. 
This reduces the tensile stress in the deposit and is indicated 
during deposition by a sudden decrease in the deflection of 
the contractometer. Compressive stresses did not produce 
peeling.
The effect of addition agents in a plating bath on the in­
ternal stress in deposits has been widely studied. Knodler33 
suggested that the addition was incorporated into the deposit
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in a hydrated state and then became dehydrated, so produc­
ing a stress due to the volume change. Foreign substances 
may prevent deposition on certain sites so that vacancies 
form: the distribution of these vacancies can produce com­
pressive or tensile stress as proposed by Hoar and Arrow- 
smith.23 Another suggestion was due to Kendrick34 who pro­
posed that interstitials could form on foreign molecules in the 
deposit and produce an extra plane of atoms and an internal 
stress. Popereka,35 in his dislocation-sorption theory, ex­
plained that a compressive stress was produced by the trap­
ping of foreign particles in the intercrystalline spaces in the 
deposit. A tensile stress was caused by the adsorption of 
foreign matter which affected the dislocation density and 
produced a change in the surface of the growing crystals.
Benzotriazole is known to be codeposited with copper as 
cuprous benzotriazolate and, therefore, it may alter the stress 
by any of the above mechanisms. It also has a significant 
affect on the grain size of copper deposits which may influence 
the internal stress as suggested for pure deposits.
CONCLUSION
In this work it has again been found that copper deposits 
plated from a bath containing benzotriazole have a brighter 
appearance than those without the addition. The stress in 
these electrodeposits has been found to vary with both the 
bath temperature and the current density. Using the results 
in this paper, it should be possible to adjust the bath tem­
perature and current density, either with or without the 
addition of benzotriazole, to control and predict more ac­
curately the stress in the copper deposits. The data may be 
useful in determining the plating conditions to prevent the 
peeling of the deposits away from the substrate and so im­
prove commercial practice.
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614 PLATING
Microhardness, Grain Size and 
Topography of Copper Electrodeposits
R. Walker* and R. C. Benn**
ABSTRACT
The effect of varying the bath temperature, current density and solution agitation on 
copper deposits from the copper sulfate—sulfuric acid bath has been studied. Conditions 
which favored smooth deposits were low temperatures and high current densities and the 
application of ultrasonic agitation to the plating solution. These conditions, together with 
the impurities present in the unpurified bath, produced hard deposits (160 V H N ). The 
mean intercept length was used as a measure of the grain size, on polished and etched 
surfaces, and was found to increase with temperature and decrease with current density. 
A Petch and a semilogarithmic relationship showed reasonable correlation between the 
microhardness with the mean intercept length.
T h is  p a p e r  is  a  c o n t i n u a t i o n  of an earlier work previously published in This Journal.1 I t  reports on the effect of 
varying the bath temperature and current density on the 
microhardness, grain sizej and surface appearance whereas 
the earlier article concerned the effect on the internal stress in 
copper deposits plated from a similar bath.
Photographs show the influence of both the temperature 
and current density on the surface appearance of the deposits. 
A comparison is made between the hardness of deposits from  
a still bath and those from a stirred and an ultrasonically- 
agitated bath. The microhardness is correlated w ith the 
grain size using both a Petch-type and a semilogarithmic 
relationship.
LITERATURE REVIEW
I t  is well-known2 that coarse-grained copper deposits are 
obtained from the acid sulfate bath at low current densities 
and room or elevated temperatures. These deposits have a 
low hardness and a tensile strength comparable w ith annealed 
wrought copper. A t lower temperatures and higher current 
densities, a finer deposit is produced which is harder and 
stronger than the coarser deposit. Much fundamental work 
on the understanding of the nucleation and growth of copper 
deposits has been reported at the C IT C E  Conference on 
Electrodeposition in Vienna 1959.2a
The microhardness of electrodeposited metals is usually 
much higher than that of fully-annealed metals and is fre­
quently higher than that of the work-hardened metal.3 The 
factors which affect the hardness of deposited copper are of 
practical importance because there is a wide application for 
hard plated copper,4 e.g., injection molds and press tools for 
plastics, electrodes for welding, electrical components. The 
hardness of a coating depends mainly upon the structure and 
composition of the deposit, but for thin coatings i t  is also 
affected by the metal substrate. The principal factors which 
control the structure are the plating conditions, sue has bath 
composition and purity, pH , addition agents, temperature, 
current density and agitation of the cathode or electrolyte. 
The variation for copper plated form an acid sulfate bath 
without addition agents is from 415 to 1806 V H N : Lamb and
♦D epartm ent o f M e ta llu rgy and Materia ls Technology, U nivers ity  o f 
Surrey, G u ild ford, Surrey, England.
♦♦Present address: Group Research Laboratories, The D elta  M eta l Com­
pany, L im ited , England.
fThe values reported in  this paper are the mean intercept lengths. These 
are easy to  measure accurately and for equiaxed grains are related to  the true 
grain size: see A S T M  Standard Designation E 112-63.
Valentine using purified solutions found the range from 46 
to 887 K H N .
An increase in the current density normally increases the 
hardness of many plated metals. For iron, this change with  
current density has been found to be from 210 (5 A /dm 2) to 
480 K H N  (20 A /dm 2) 8 and with another bath 300 (1 A /dm 2) 
to 570 V H N  (4 A /dm 2) 9: higher values have been obtained 
for chromium 600 (30 A/dm 2) to 900 V H N  (60 A/dm 2) .10 For 
copper, smaller effects have been found under different p lat­
ing conditions of 99 (2 A /dm 2) to 150 V H N  (10 A /dm 2)6 of 115 
(1 A /dm 2) to 137 V H N  (SA/dm2) 11 and 105 (2 A /dm 2) to 160 
V H N  (10 A/dm 2) .12 Grain refining has been observed as the 
current density increased and Butts and DeNora5 found that 
a change from 1 to 7 A /dm 2 reduced the grain size by a factor 
of three. Graham13 reported that high current densities re­
sulted in grain refinement but also promoted modules and 
tree growth.
The hardness of deposits usually falls w ith a rise in the 
temperature of the plating solution.2- 6- 8 For chromium10 
this drop in hardness with temperature is from 700 (50C) to 
380 V H N  (85C); for iron9 i t  may be from 500 (20C) to 250 
(40C) or 250 (20C) to 190 V H N  (40C) depending upon the 
plating bath. For copper deposits, the decrease is much 
smaller and has been recorded as 59 (20C), 58 (30C) and 47 
K H N  (40C)7 and 51 (15C) to 47 V H N  (26C).14 Some work­
ers5 have reported that the hardness increases and then de­
creases: 48 (20C), 52 (30C) and 41 V H N  (58C) w ith a cur­
rent density of 1 A /dm 2 and 53 (20C), 80 (30C) and 57 V H N  
(58C) w ith 7 A /dm 2.
Another factor which may have a pronounced effect on 
the hardness is agitation: A still bath has been found to give 
softer copper deposits (75 V H N ) than a stirred bath (95 
V H N ) or one subjected to ultrasonic vibrations (111 V H N ) .15 
Several workers16 - 17 have noted the correlation between a 
small grain size and a high tensile stress in copper deposits 
which is associated with an increased hardness.2- 7- 10■18 
Variations in the concentration of copper sulfate in the plat­
ing bath affect the hardness19 with values of 104 V H N  with  
140 g/1 and 58 with 280 g/1 C uS 04-5H 20  although other 
workers7 found no appreciable effect. The hardness in­
creases slightly with the concentration of the sulfuric acid.7
EXPERIMENTAL
The composition of the plating bath was 125 g/1 copper 
sulfate (C uS0 4-5H 20 )  and 49 g/1 sulfuric acid (both general 
grade reagents) in distilled water. To investigate the effect 
of impurities, a quantity of this solution was purified. H y ­
drogen peroxide (10 ml/1 of 100 vol) was added to the solution
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On the other hand, electrodeposition of alloys from thick 
layers of high viscosity solutions (approximately 40,000 centi- 
poises) as is done in barrel plating, gives results that are very 
similar to results obtained in aqueous solutions (Fig. 7).
This indicates that in thick layers in these systems the major 
bulk of the ions is supplied in both cases by regular diffusion 
processes.
CONCLUSION
These studies indicate that in thin layers of plating baths 
metal is plated primarily from the ions trapped in the thin 
layer. On increasing the thickness of the plating bath, an 
increasing number of ions are supplied by diffusion from the 
bulk of the solution. One can, by plating from thin layers 
until the electrode is polarized, plate alloys with the same 
composition as the bath. If one plates beyond the point of 
polarization in the region where hydrogen is codeposited, one 
often obtains powdery non-adherent deposits.
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which was then refluxed for 40 min after the evolution of 
oxygen had ceased: activated charcoal (20 g/1) was added 
and the solution refluxed and stirred for about 30 min and 
then filtered with glass wool. A pre-electrolysis followed 
using Analar copper anodes with a current density of 2.2 
A/dm2 for several hours.
About one liter of fresh solution was used for each run and 
it was magnetically stirred slowly; this avoided aeration, but 
permitted solution mixing and reduced the temperature 
gradients. The cathodes were 2.5 mm thick to provide a 
firm base for hardness measurements, and lacquered to give 
an exposed area of 42.5 cm2. The anodes were general grade 
copper sheet of the same area. All the electrodes were de- 
greased with acetone, cleaned in nitric acid and rinsed in 
distilled water. The anode-cathode separation distance was 
7 cm with the magnetic stirrer placed midway at a fixed dis- 
tance below the electrodes. Immediately after plating, the 
cathodes were removed from the bath, rinsed in distilled 
water and dried.
Hardness measurements were made with the Akashi micro- 
hardness tester with a 50 g load. An annealed, polished cop­
per plate was used as a standard to check the accuracy and 
setting of the instrument. For all experiments, the plating 
time and current density were adjusted to give a constant 
deposit thickness of about 50 jum, so ensuring the absence of 
any errors arising from the variation of hardness with thick­
ness.7 The depth of indentation of the 50 g load was found 
to be less than 6 per cent of the total deposit thickness so the 
hardness of the substrate did not affect the measurements.20'21 
Readings were taken on the as-plated and highly polished 
surfaces in the central region of the cathode and on some 
transverse sections but no appreciable difference was de­
tected. Each recorded value is an average of at least seven 
measurements and is given to an accuracy of ± 10 VHN.
Up to six cells were connected in series for each run and 
the current density fixed (=*= 2 per cent) with temperature as 
the variable (± 3C). To determine the effect of electrolyte 
motion the still baths stood on anti-vibration padding and 
stirring was by immersed magnets; ultrasonic vibration was 
produced by immersing the plating baths in water in an 
ultrasonic tank, the temperature of which was kept constant 
by the use of cold water flowing through a copper cooling coil.
The electrodeposits were polished with a fine metal polish 
‘doped’ with ammonia and then electropolished in phosphoric 
acid to remove the Beilby layer. A piece of mild steel flashed 
with nickel and plated with copper to the same thickness 
showed no signs of the substrate after electropolishing for 20 
min. A grain boundary etch of ammonium hydroxide (50 
ml), hydrogen peroxide (20 ml of 30 vol) and water (50 ml) 
was used. The intercept method was used to measure the 
grain size using a Quantimet television screen for large grains 
and a Vickers Projection Microscope with oil immersion 
(quoted magnification up to 4,000 X) for finer grains. By 
superimposing a straight-edged linear scale on the screen, 
the number of grain boundary intercepts was determined 
over the largest possible scale length, 300 mm on the Quanti­
met and 150 mm on the Vickers. All the measurements were 
confined to the central region of each cathode and the average 
taken from transverse, longitudinal and diagonal orientations 
of the scale. Twin boundaries were not included as grain 
boundaries. Some back reflection X-ray photographs were 
taken on the plated copper surface and the {331) and {420} 
diffraction lines examined.
RESULTS AND DISCUSSION
Because many plating variables are interdependent, it was 
necessary when investigating the effects of a given variable 
to keep all the other plating conditions constant. The com­
position of the plating bath was changed only to study the 
effect of purification on the hardness of the deposits.
C urrent Density
The refinement of the structure with current density is 
shown in Fig. 1, in which a coarse grain size occurs at a low 
current density and a high temperature, with a fine grain size 
at high current density and low temperature. At current 
densities greater than 2.2 A/dm2 at 0C the deposits tended to 
become powdery with a burned appearance indicating that 
the limiting current density under these conditions had been 
reached. On these specimens the surface was nodular or 
spongy as shown in Fig. 1 and tended to be nonadherent with 
a low hardness.
The microhardness varies with current density as shown 
in Fig. 2; at a given temperature the hardest deposits are 
obtained at the highest current density. The largest increase 
in hardness was found at the lowest bath temperature. In 
Fig. 3 the grain size is plotted against the current density 
with the largest grains being plated at the lowest current 
density.
Clear evidence exists that grain refinement in copper de­
posits can be produced by an increase in the current density 
and is correlated with increased hardness, tensile strength 
and ductility.5-11 ■ 17•22-25 Butts and DeNora5 suggested that 
because, at very low current densities, the rate of discharge 
of ions is small, the rate of crystal growth can easily match 
the rate of liberation of metal atoms so that it is easier for 
crystals to grow than for fresh nuclei to form so producing a 
large grain size. However, at higher current densities, the 
rate of crystal growth may not be sufficient to cater for the 
faster rate of liberation of atoms, so fresh nuclei are formed 
and a fine grain is produced.
0 23 40 60 80
TEMPERATURE, C
Fig. 1. Effect of temperature and current density on the surface 
topography of copper deposits. O rig ina l magnification 3 2 0 X -
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Fig. 2. V aria tio n  of microhardness with current density at d if­
ferent temperatures.
Bath Tem p eratu re
In  general, the deposits produced at high temperatures had 
a coarser, more uniform crystal structure (Fig. 1) w ith a 
larger grain size (Fig. 3) than at lower temperatures. These 
deposits are classified as “shiny and crystalline”25 and the 
pyramidal habit appears to be octahedral but is really non- 
planar as reported by Hardesty.26 The decrease in hardness
\A
80°C
OC
60°C
40°C
20°C
0°C
0 2 . 2 4 .3 6 .5
CURRENT DENSITY, A /d m 2
Fig. 3. V aria tio n  of grain size w ith current density at differ­
ent temperatures.
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Fig. 4. V aria tio n  of microhardness with temperature at differ­
ent current densities.
with increasing temperature is illustrated in Fig. 4: the high­
est decrease occurred with the highest current density.
The bath temperature affects the diffusion reaction velocity, 
the polarization and the relative rates of nucleus formation 
and crystal growth. The ions are more mobile at higher tem­
peratures, which favors equilibrium deposition and the for­
mation of large grains with a low free energy. This is prob­
ably the reason for the production of large grains at high 
temperatures and small grains at low temperatures.
E lectro lyte M otion
The surface appearance (Fig. 5) and cross sections (Fig. 6) 
of deposits from still, stirred and ultrasonic baths show a very 
marked difference. The deposits from the still and stirred 
baths had a powdery burned appearance with 4.3 A /dm 2 at 
23C, whereas from the ultrasonic bath the coating was satis­
factory with 6.5 A /dm 2 at 23C. The dependence of both the 
hardness and grain size on the current density and the degree 
of agitation is indicated in Fig. 7.
Ultrasonic vibrations have been used in copper plating to 
increase the lim iting current density and the hardness, as well 
as to give grain refinement. These vibrations reduce the acti­
vation polarization and also the thickness of the cathodic 
double layer so increasing the lim iting current density. These 
increases in the lim iting current density, the microhardness, 
and also the grain refining have been observed previously for 
copper plating.15,27-29
P urity
The purification treatment which removed some of the im­
purities from the plating solutions gave no significant change 
in the grain size but reduced the hardness of the deposits 
(Fig. 8) by about 20 V H N . These values are in good agree­
ment w ith those obtained by others, using a similarly purified 
plating bath.30,31
Hardness
In  all this work there appears a strong correlation between 
a high hardness and a small grain size, or factors which pro­
duce a small grain size. This has been previously observed 
and many theories proposed to explain the relationship. 
Macnaughton and Hothersall32 suggested that the hardness 
was connected w ith the grain size and, for a given grain size, 
differences in the hardness could be due to different packing 
within the crystal lattice. Arkharov33 explained that a very 
small grain size produced many grain boundaries which
PLATING
a b c
Fig. 5. Surface topography of copper deposits. 4.3 A /d m 2, 23C. a) Still bath; b) Stirred bath,- c) U ltrasonic bath. O rig ina l magnifi­
cation 320 X .
blocked slip planes along which deformation of the crystals 
would normally occur. Other workers suggested that an in- 
creased hardness could result from a similar blocking effect 
caused by the adsorption of hydrogen8’34•35 and other foreign 
matter in the deposit such as impurities and addition 
agents.36-38 Hofer and Hintermann39 found that three factors 
seemed to influence the microhardness of copper deposits: 
the fineness of the grain, the dislocation density and the pin-
a
b
Fig. 6. Cross-sectional microstructure of copper deposits. 
4.3 A /d m 2, 23C. a) Still bath; b) Stirred bath; c) Ultrasonic 
bath. O rig ina l magnifications on the left, 2 0 0 X  on the right, 
1 0 0 0 X .
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ning of the dislocations by impurities; deposits with the 
smallest grain size and the highest strains had the highest 
hardness value.
The effect of impurities found in this work, namely, the 
increase in hardness without an accompanying alteration in 
grain size, suggests that the change in the hardness was due 
to the codeposition of these impurities which causes a dis­
tortion in the lattice of the deposited metal so impeding dis­
location movement in the deposit.2’10■40 Miller and Kuss27 
have indicated that intense agitation, such as ultrasonic vi­
bration, favors the inclusion of foreign matter into the de­
posit so increasing the hardness. This confirms and explains 
the change in the hardness of 20 VHN produced by ultra­
sonics and reported above.
G rain  Size
A change in the current density and also in the bath tem­
perature caused a marked effect on the grain size (Fig. 3). 
Figure 9 shows the relationship between the grain size and
-DO&-VHN
160 Grain Size 50
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vibrated
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- 4 0140
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130  - - 35
Z  120 -
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CS) lio - 25  —  <✓)
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CURRENT DENSITY, A / d m 2
Fig. 7. Effect of electrolyte motion on microhardness and grain 
sizes at different current densities.
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Fig. 8. Effect of electrolyte purity on microhardness of copper 
electrodeposits.
microhardness for all the experiments with both the purified 
and unpurified stirred baths; a high deposit hardness is shown 
to correspond w ith a small grain size.
A thick deposit was used to ensure complete elimination of 
any epitaxial effect on the hardness and grain size measure­
ments. Preliminary investigations were successfully made 
with mild steel plate flash-coated w ith nickel and copper- 
plated to give a 50 /xm (2 mil) deposit; this ensures that surface 
polishing did not reduce the deposit thickness below accepta­
ble limits2- 7>20 (the nickel coating acted as a base marker).
There have been several attempts to relate the grain size of 
a metal w ith its mechanical properties.41-43 One of these, the 
Hall-Petch equation,42 relates the grain size ‘d’ w ith the hard­
ness ‘H ’ of a metal
H  =  Ho +  K h d -1/2 
The term H 0 is the value characteristic of dislocation block­
ing (related to the friction stress42) and K H takes account of 
the penetrability of the boundaries to moving dislocations
140
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Fig. 9. Dependence of microhardness on grain size a t different 
current densities and bath temperatures.
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Fig. 10. V aria tio n  of microhardness with grain size according 
to semilogarithmic equation H  =  A  +  B Logio d.
(related to the number of available slip systems). The equa­
tion has been found applicable to several polycrystalline, 
pyrometallurgical materials44 and also for electrodeposited 
iron.45 Other work46 has shown that a semilogarithmic equa­
tion may be used to connect the grain size ‘d’ w ith hardness 
‘H ’ by:
H  =  a +  b log d 
(a and b are constants)
This has been found satisfactory for pure pyrometallurgical 
iron46 and the data reported for nickel deposits appear to 
obey this equation,47 which, however, does not have any 
theoretical basis.
The grain size and hardness values reported in this paper 
have been plotted and a computer used to draw the lines 
using the method of least squares and are slightly better rep­
resented by the semilogarithmic relationship (Fig. 10) than 
by the Petch equation (Fig. 11). For deposits from the pure 
bath the H 0 term, in the Petch equation, has a lower value 
than with the unpurified bath which suggests that the co­
deposited impurity increases dislocation blocking.
Although much work has been carried out on the relation­
ship between the grain size and hardness of as-cast and heat- 
treated metals, the results in this paper indicate that these 
equations also apply to electrodeposited metals which have a 
much smaller grain size and increased hardness.
X -R ay  Analysis
All the X -ray photographs of the copper deposits showed 
resolved doublets for the {331} and {420} diffraction lines 
which suggests that the deposits had a low or zero micro­
stress because a high stress gives diffuse lines. Plated copper 
specimens with a large grain size gave spotty rings whereas 
those w ith a fine grain size produced continuous uniform rings.
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Some of the deposits, particularly those produced with a low 
current density and high temperature, showed some preferred 
orientation or texture, which has been previously ob­
served.2, 39 ■48
CONCLUSION
The results in this work show that the microhardness of 
copper deposits from an acid sulfate bath increases with cur­
rent density (w ith a maximum effect at low temperatures) 
and decreases with bath temperature (the maximum effect 
being at high current densities). Both these factors affect 
the surface topography and also the grain size, the finest 
structure being obtained w ith a high current density and low 
temperature. Ultrasonically-agitated plating baths give a 
harder deposit w ith a finer grain size than those from a mag­
netically-stirred or still bath. Purification of the bath de­
creases the hardness by about 20 V H N  but does not signifi­
cantly alter the grain size. The hardness and grain size 
values have been analyzed using the Petch equation, but a 
better correlation was found using a semilogarithmic rela­
tionship. Some indication of preferred orientation was ob­
served in deposits from low current density and high tempera­
ture baths.
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Recovery of Mixed Rinse Water 
by Means of Ion Exchange
J. F. Zievers and C. J. Novotny*
PLATING TOPICS
R e c e n t  American and British litera' 
ture on recovering plating rinse 
waters for refuse by means of ion ex' 
change generally discusses two methods:
(a) treatment of combined rinse waters 
after “self neutralization”1- 11 and (b) 
elimination of cyanide or chromium' 
bearing rinse waters by either separate 
treatment or destruction, and recovery 
of acid and alkaline rinse water by 
means of ion exchange.5,8- 9
Technical literature, especially from  
other areas in Europe, reveals a tend' 
ency toward the direct application of 
ion exchange to mixed rinse waters re' 
gardless of their content.2- 6 Fulhscale 
applications of this European technique 
have been made in selected plants in the 
U . S. A . and also tested on laboratory 
scale.11- 12 I t  has generally been found 
that when rinse waters containing both 
cyanide and hexavalent chromium are 
treated by conventional ion exchange 
techniques, the resultant water returned 
for rinsing will contain 6 to 15 ppm of 
cyanide or chromium.2- 12 The presence 
of these quantities of cyanide can result 
in release of hydrocyanic acid,2 which, 
of course, is toxic.7 However, modifica' 
tions o f the plating process and rinse 
treatment techniques can eliminate pO' 
tential health hazards and make direct 
treatment of combined rinses by ion ex' 
change a useful and economic tool.
This paper discusses first a method of 
setting up for rinse water recirculation; 
i t  then explores successively three alter' 
native equipment “answers” to the 
same problem. These answers are con' 
sidered in order of increasing desirabil' 
ity . Equipment and chemical costs im  
dicated are the actual costs at time of 
writing (June, 1970). I t  is shown that a 
carefully chosen combination of modern 
ion exchange techniques can reduce the 
cost o f recovered water by about 25 per 
cent.
For illustration, i t  is helpful to diS'
♦Industria l F ilte r &  Pump M fg . Co., Cicero, 
Illino is .
Pa^er .presented a t the 57th Annual Convention, 
American Electroplaters’ Society, M ontrea l, Que­
bec, Canada, June 24,1970.
cuss a hypothetical plant, of which the 
details relevant to this discussion are 
shown in Table I.
TABLE I
HYPOTHETICAL PLATING PLANT*
Raw water—310 ppm TDS**
Recirculated water quality—30 jumho/cm 
Recirculated water rate— 150 gpm (U. S.) 
minimum
Effluent requirement (Max permitted to 
sewer )f, ppm
Cr (total). . . 2.0 F e ............... .. 2 .0
C u ............... . 1.0 CN  (free). . . 0.1
N i ................ . 3.0 Cl2............... ..  0.5
Z n ................ . 3.0 T S S ff .......... .30
C d ................ . 3.0 p H ...........6. 5-9 .0
♦Equipm ent: A utom atic  machines, hoist lines, 
hand lines, rack and barrel (oblique, rotated 
above bath  during dwell tim e).
W ork: 16 h r day; p la ting  on steel and brass, 50% 
tubu lar, 30% instrum ent housing, 20% typ ica l 
solid handles.
Rack: 660 f t 2/h r zinc; 165 f t 2/h r chromium on 
steel, 110 f t 2/h r chromium on brass.
Barrel: 330 lb /h r  screws; 330 lb  /h r small housings.
T rip le  countercurrent rinsing where indicated by  
good practice.
♦♦TDS =  to ta l dissolved solids, 
fsee reference 6.
tfTS S  =  to ta l suspended solids.
SETTING UP— FIRST POSSIBILITY
W ith  such a hypothetical plant, 
where the plant operators were planning 
for detoxification and neutralization of 
effluent for disposal to sewer only, ex' 
perience indicates that the total rinse 
flows are approximately 150 gpm, with 
an average increase (net over raw water 
content), in total dissolved salts of 200 
ppm. Dumps (if equalized over the 
work day), will average approximately 1 
gpm of cyanide and highly alkaline ma' 
terials at a concentration of approxi' 
mately 100,000 ppm total dissolved 
solids and 1 gpm of hexavalent chro' 
mium plus acid at a concentration of
100,000 ppm total dissolved solids.
Estimated direct chemical costs and 
direct chemical costs plus amortization 
of equipment have been adequately set 
forth in earlier papers3- 4 for such a de' 
toxification and neutralization plan.
A t the total rinse flow of 150 gpm 
cited, experience shows that rinsing
would be considered “adequate.” E x ' 
perience has shown that if  the rinse rate 
were doubled to 300 gpm the total con' 
taminant in the rinse water would in ' 
crease by about 4 per cent. In  other 
words, doubling the rinse rate will pro' 
duce a relatively low increase in total 
contaminant, but will produce excellent 
rinsing quality with all of the previously 
reported benefits.9 I f  the rinse rate were 
doubled, the contaminant level would 
be 4 per cent more than one'half of what 
i t  was. This would give a flow of 300 
gpm with a contaminant level o f 108 
ppm total dissolved salts.
Contamination from the dumps, and 
hence the cost of treating for detoxifica' 
tion and neutralization of those dumps, 
would remain the same as it  would be in 
a total destruction plant.4- 6
SETTING UP— SECOND POSSIBILITY
Consider a plant where dumps are de' 
stroyed and rinses are recirculated. I f  a 
doubled (300 gpm) rinse rate is passed 
through a demineralizer station, excel' 
lent rinse water will be produced. Dun- 
ing the demineralization cycle, the cat' 
ion resin will remove trivalent chro' 
mium along with other cations present. 
The anion resin will capture cyanide and 
hexavalent chromium as well as other 
anions present.
Safe waste treatment of the anion re' 
generant will first require chlorination 
at the existing high p H  of that regener' 
ant, followed by depressing the p H  from  
about 10 to about 3 to reduce the hexa' 
valent chromium to the trivalent state 
by treatment w ith a reducing agent 
such as sulfur dioxide. The p H  must 
again be raised to the tolerable limits, 
which in this hypothetical case would be 
at least 6.5. This will produce a very 
high chemical cost for treatment of the 
ion exchange regenerant effluent. I t  
should also be remembered that even 
the benefit of normally being able to 
selTneutralize the cation resin and the 
anion resin regenerant effluents by m ix' 
ing them does not pertain here: when 
they are finally in a condition where 
they can be mixed, they are both at a 
very low pH .
SETTING UP— THIRD POSSIBILITY
The situation described could be 
avoided by having two separate de' 
mineralization stations, e.g., one to 
handle only chromium'bearing rinses 
and one to handle all other rinses. This 
will reduce the cost for waste treatment 
of the regenerant effluent, because the 
volume of hexavalent chromium bearing 
anion effluent on the anion half of the 
chromium demineralizer loop would be 
much smaller. The problem of depress' 
ing the p H  still exists, but it would be 
much smaller. The capital cost for two 
demineralizer stations as opposed to
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Engineering Aspects o f  Internal Stress 
in Electrodeposits
By R. Walker, M.Sc., M.Sc.(Eng.).
Lecturer in Corrosion arid Surface Treatment, University o f Surrey
A number o f factors may influence the internal stress present in an electrodeposit, and 
this in turn may affect the chemical and mechanical properties o f the plated product. 
From a production aspect, an understanding o f the effects and o f possible methods o f 
reducing any detrimental ones is o f the greatest importance.
T HE problems associated with the internal stress in 
an electrodeposited metal have troubled the 
plating industry for many years. Although two 
electroplated coatings may have a similar appearance, 
their mechanical and chemical properties may be com­
pletely different due to the different internal stresses 
which are present in the deposits. Thus the fatigue 
strength of a steel plated with nickel may be decreased 
by as much as 40% or increased by 10%; the corrosion 
protection afforded to brass articles by chromium 
deposits may vary by a factor of four. Electrodeposition 
is used to produce different coatings for a variety of 
purposes and consequently the deposit thicknesses will 
vary and this influences the stresses present. For example 
in the following two extreme cases, gold or chromium 
deposits for decoration may have a thickness of about 
0-00001 in. whereas hard nickel for the building up of 
worn machine parts may be 0-5 in. or more.
Because of the extensive application of electroplating 
to a wide range of products a large number of different 
metals are used to meet particular requirements. Some 
of the following properties may be necessary to produce 
satisfactory coatings in the metal finishing industry:
(1) mechanical (wear surfaces) e.g. Cr, Ni, Rh.
(2) conductive (switch gear) e.g. Au, Rh, Ag,
Cu, Pd, Sn.
(3) protective (‘tin’ cans) e.g. Sn, Zn, Cd.
(4) reflective (mirrors) e.g. Cr, Rh, Ag.
(5) decorative (cutlery) e.g. Ag, Au, Rh,
Pt, Ni, Cr.
(6) joining (solderability) e.g. Sn, Cd.
In electroforming and electrotyping copper and nickel 
deposits are used and in the building up of worn or 
overmachined parts coatings of nickel, chromium or iron 
are applied.
The internal stress in a deposited coating is the force 
per unit area acting in a direction parallel to the plated 
surface. The electroplated metal may shrink during or 
soon after plating and this produces tensile stress or the 
deposit may expand resulting in compressive stress. If  
only one side of a thin metal strip is plated a tensile 
stress causes the strip to bend towards the' deposit 
whereas a compressive stress bends the strip away from 
the deposit. The tensile stress in a nickel deposit from the 
Watts bath causes the thin base to bend towards the 
deposit (Fig. 1) and if the base is dissolved the deposit 
bends to a greater extent (Fig. 2).
The magnitude of this internal stress in a deposit 
depends upon many factors including the plating con­
ditions and varies from very high tensile values of about
200,000 lb./sq. in. for chromium and rhodium to low 
compressive values of about 4,000 lb./sq. in. for lead 
and zinc: in electrodeposited tin-nickel alloys the stress 
varies from 36,000 lb./sq. in. . tensile to 40,000 lb./sq. in. 
compressive. Kushner1 has shown an apparent correla­
tion between a high tensile stress and a high melting 
point. A few typical values are given for some commonly 
plated metals. ;
Stresses in Electrodeposits 
(in 1,000 lb./sq. in.)
Rhodium 100-300 Lead 4 '
Chromium 50-250 Zinc 1-5
Palladium 60-100 Cadmium 0-5-3
Cobalt 15-90 These are compressive
Iron 8-80
Nickel 6-65 Copper 15 tensile to 10 compressive
Manganese 4-6
Gold 1-10 Silver 2 tensile to 2 compressive
These are tensile •
Indium, bismuth and tin are also deposited with a 
compressive stress, while gallium and antimony deposits 
may have a compressive or tensile stress.2
Measurement of Internal Stress
The internal stress in a deposit can be measured by 
several methods, the majority of which depend upon the 
bent strip technique. This involves plating a metal on one 
side of a thin metal strip (the other side is usually 
lacquered to prevent deposition) and measuring the 
resulting deflection which is caused by the internal 
stress in the deposit. The fundamental principles and 
equations used to calculate the internal stress from this 
deflection are compared by Gabe and West.3 The strip 
may be held rigidly during plating in which case the 
stress value obtained is relevant to deposition on thick 
objects such as car bumpers; alternatively the strip 
may be allowed to bend, a situation relevant to depo­
sition on thin objects or in electroforming.
If  the extent of bending of the strip during plating can 
be measured, then a continuous record of the variation 
of the stress with deposit thickness can be calculated. 
Brenner and Senderoff4 increased the accuracy of this 
method by using a long strip in the form of a helix 
which twists during plating: this Spiral Contractometer 
(Fig. 3) is produced commercially and is widely used in 
industry and research. The upper end of the helix is
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Fig. 1 (left).—Nickel electrodeposit 
from a Watts bath. The internal 
tensile stress in the deposit has 
caused the thin base to bend.
Fig. 2 (right).—Nickel electro­
deposit, as in Fig. 1, but with the 
base dissolved: the deposit has 
curled to relieve the internal stress.
clamped and the movement of the lower end is magnified 
by a system of gears and is indicated on a dial. Another 
form of the bent strip method was designed by H oar 
and A rrow sm ith.5 They used a null method and measured 
the restoring force required to prevent the strip from 
moving during the deposition of a stressed deposit. 
Both these methods have been modified to increase the 
sensitivity.
The original method of plating a stressed deposit on a 
silvered glass therm om eter bulb and measuring the 
change in the level of the mercury, as used by Mills in 
1877, has been modified by K ushner.1 This Stresometer 
consists of a metal disc firmly clamped on to a shallow 
cham ber containing a measuring fluid. As plating occurs 
this thin disc distorts and changes the volume of the 
vessel; the stress is calculated from this volume change 
which is measured by the variation in height of the 
liquid in a capillary tube attached to the vessel.
O ther methods of measuring the stress include the use 
of X-rays and the calculation of the stress from the 
resultant line broadening; this is non-destructive but 
rather complicated and consequently is used for research 
purposes only. M agnetic and strain gauge techniques 
have also been used.
Properties Affected
The presence of a high stress in an electrodeposited 
coating may be detrimental to the coating or to the 
basis m etal; this is particularly so if the stress is high and 
tensile.
If a metal is plated in a highly stressed condition and 
the adhesion to the substrate is poor the coating may 
peel away from the substrate. Figs. 4 and 5 show 
identical W atts nickel deposits on a brass sheet base; 
the peeling in Fig. 5 is due to bad adhesion caused by 
poor surface cleaning. This is im portant in the plating
of non-conducting articles, e.g. plastic badges, mouldings 
and name plates. W ith good adhesion a deposit with 
a tensile stress may crack and so relieve the internal 
stress: deposit cracking and peeling is shown in Fig. 6. 
This spontaneous cracking has been observed in coatings 
of chromium, iridium, palladium and rhodium and is 
utilised in the production of microcracked chromium 
deposits. Deposits with a compressive stress do not have 
this tendency to crack but may peel. The porosity of a 
deposit has been found6 to increase with the internal 
tensile stress and so the corrosion protection afforded 
to the basis metal may be decreased.6’ 7
Electroforming, the manufacture of articles by electro­
deposition, is frequently used in the fabrication of 
components where special requirements are needed, 
e.g. high accuracy, surface finish, hardness and extreme 
thinness or detailed reproduction. A high tensile or 
compressive internal stress causes deformation of the 
article (Figs. 1 and 2) when it is removed from the 
mandrel (which may be aluminium, plastic, wax etc.). 
This loss of dimensional accuracy is extremely im portant 
in the production of waveguides, printed circuits and 
gram ophone record matrices. In the printing industry, 
use is made of deposits which should be fairly hard to 
give mechanical strength and have a low stress to 
reduce any tendency to distortion for electrotyping, 
photogravure and lithography: in 1950 over 2,500 tons 
of copper were used in making electrotypes which had a 
value of over £25 million.
The presence of a high internal stress in a deposit 
normally makes the metal more reactive (or anodic) 
than a stress-free deposit because of the higher internal 
energy and therefore thermodynamically it is more liable 
to corrode. Also any distortion due to the stress may 
produce surface active sites, e.g. steps or kinks which 
increase the surface reactivity. Krijl and Melse have 
used calorimetric methods to show that the dissolution 
rate of a bright, highly-stressed nickel deposit is about 
three times that of a m att deposit. This fact is utilised
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Fig. 3 (left).—Brenner Senderoff Contractometer.
Fig. 4 (right).—Nickel electrodeposit, as in Fig. 1, but 
with a lower stress and good adhesion so no bending 
occurred.
Fig. 5 (left).—Nickel electrodeposit, as in Fig. 1, but with poor adhesion which resulted in peeling from the thick base. Fig. 6 (right).— Copper
electrodeposit with a high stress giving cracking and peeling but no bending.
in the production of double layer or duplex nickel 
coatings which consist of a bright nickel layer, with a 
high stress, superimposed on a semi-bright nickel 
underlayer, with a lower stress. When corrosion occurs 
the bright coating, which is anodic, is preferentially 
attacked and the semi-bright coating, which is cathodic, 
is protected. This undercoat therefore prevents both 
corrosion of the basis steel and discoloration of the 
nickel plate. The double layer gives about twice the
corrosion protection of a single layer o f bright nickel of 
equal thickness.
If the deposit has a high tensile stress it may crack as 
mentioned above (Figs. 5 and 6). The corrosion at cracks 
such as this has been studied by H o ar7 and Shreir.8 
This is not very im portant from a corrosion aspect if 
the coating is anodic to the basis material to which it gives 
protection, e.g. zinc or cadmium on steel. However, if 
the coating is cathodic, these cracks may increase attack 
on the anodic basis metal, e.g. nickel and chromium on 
steel. The extent of this corrosion depends upon the 
corrosive environment and may be stimulated in 
immersed conditions, but not normally in the atmosphere. 
It is often difficult to maintain a crack-free chrom ium  
deposit because the coating is highly stressed and may
" m m m
O c t o b e r ,  1 9 6 8 133
crack on impact during service. A microcracked chro­
mium deposit is used which spreads the corrosion of the 
substrate over a large area and reduces the tendency for 
deep pitting. A coating with about 2,000 cracks per 
, linear inch is desirable and gives an improvement in the 
corrosion behaviour over the conventional chromium 
deposit of about 300-400 %.
The fatigue strength of a steel object coated with a- 
metal with a high tensile stress may be considerably 
reduced. The effect of chromium plating steel has been 
widely studied and it has been found that the fatigue 
strength is normally reduced by between 10 % and 40%, 
but may be as high as 80%,10 the variation depending 
upon the plating conditions and the stress. Williams 
and Hammond11 have related the percentage change in 
the fatigue limit (L) with the internal stress ( / in  t.s.i.) 
and the fatigue limit (F) for chromium deposits on steel 
by
L  =  5 0 -3 /-2 F .
Hence a tensile stress in the coating is detrimental but a 
compressive stress is beneficial. A zinc deposit with a 
compressive stress has been found to increase the fatigue 
strength by up to 10%.
The corrosion-fatigue behaviour (the conjoint action 
of corrosion and fatigue) of a steel is also affected by a 
stressed deposit. Zinc and cadmium coatings are plated 
with a low compressive stress which increases the dry 
fatigue limit (see above), and both are employed to give 
sacrificial cathodic protection against corrosion to steel. 
Hence, these are used to give corrosion-fatigue pro­
tection to steel. A zinc deposit has been found12 to 
increase the corrosion-fatigue strength of steel in a 3% 
salt spray test from 3-5 tons/sq. in. to 21-4 tons/sq. in. 
in the drawn state and from 4-0 tons/sq. in. to 14*7 
tons/sq. in. in the normalised condition; cadmium 
plating on the same steel altered the corrosion-fatigue 
strength to 18*9 tons/sq. in. and 13*7 tons/sq. in., 
respectively. In fresh water, using a different steel, the 
values changed from 9 tons/sq. in. to 22 tons/sq. in. 
with a zinc deposit and to 20-5 tons/sq. in. with a 
cadmium deposit. Nickel and chromium deposits, 
which are cathodic to steel, also give added protection 
to steel in fresh water and improvements of 50% and 
100 %, respectively, have been obtained.
The presence of an electrodeposited coating with a 
high tensile stress reduces the stress-corrosion life of the 
article: the life of a 5% chromium steel was reduced by 
about 300% with a nickel deposit with a tensile stress. 
However, electrodeposits of nickel-cadmium with a 
lower stress have been found to increase the time to failure 
of the same steel by stress cracking from 1*5—3 days to 
363 days in a marine atmosphere and from 4-20 days to 
more than 420 days in a semi-industrial atmosphere.13 
The protection conferred by different deposited metallic 
coatings on the stress-corrosion behaviour of brass has 
been studied by Laub14 who found considerable improve­
ments in some cases. He tested thirteen deposits (includ­
ing alloy and multilayer systems) and found the best 
protection was given by heat treated nickel layers or a 
nickel-silver system but a lead deposit was also good. 
Stress-corrosion has never been found if the total stress 
(in the article and coating) is compressive.
The presence of internal tensile stress in a deposit 
may be used to advantage in certain circumstances. In 
the production of electrodeposited magnetic films16 the 
internal stress- causes preferred directions of easy 
magnetisation. Such16 has proposed that to maintain
satisfactory production (i.e. no, cracking in the plate) for 
nickel plating baths the ratio of the tensile stress and 
the ductility should be kept within certain limits (these 
vary with the plating bath and for one bright bath the 
values given were less than 1,000 for the ratio and with 
the stress below 10,000 lb./sq. in. and ductility about 8).
Methods of Reducing the Detrimental Effects of Stress
The different methods of reducing the stress of a 
deposit on a particular substrate include varying; the 
composition of the plating bath, the control of the 
operating conditions and the subsequent treatment, and 
these may be used separately or together.
The internal stress in a deposit varies with the deposit 
thickness; initially it is usually high in thin Coatings and 
decreases to a limiting value in thick films: in nickel 
deposits from the bromide bath the stress is 29,000 
lb./sq. in. at 1 X  10-6 in. and the limiting value is
11.000 lb./sq. in. The effect of the composition of the 
plating bath is very important. Thus the Watts bath is 
used extensively to produce nickel deposits because it is 
economical although it may give deposits with a high 
tensile stress (5,000 to 41,000 lb./sq. in.). Special baths 
may be used to produce deposits with a low tensile or 
compressive stress; for example the nickel sulphamate • 
bath gives deposits with a compressive stress (6,000 to
9.000 lb./sq. in.) whereas under similar conditions the 
Watts bath gives deposits with a high ’ tensile stress 
(21,000 to 30,000 lb./sq. in.).17 Kushner1 has compared 
the effect of different anions in the nickel plating bath 
and lists them in order of the limiting value of the 
internal tensile stress: sulphamate (8,500 lb./sq. in.), 
bromide (11,000 lb./sq. in.), fluoborate (17,000 lb./sq. in.), 
sulphate (22,800 lb./sq. in.) and chloride (33,000 lb./ 
sq. in.). For copper deposits typical stress values .are
8.000 lb./sq. in. (tensile) for the cyanide bath and 0-
3.000 lb./sq. in. (tensile) for the sulphate bath; the 
pyrosulphate bath gives compressive stresses. However, 
these special baths are usually more expensive than the 
usual baths and so are not normally used unless a high 
stress is very undesirable.
I f  circumstances do not permit the composition of the 
bath to be changed, then the operating conditions should 
be carefully considered. The effect of the bath tempera­
ture is very important and normally, as the temperature 
of the bath is raised, the tensile stress decreases. For 
copper deposits from the cyanide bath the tensile stress 
values have been found to be 11,500 lb./sq. in. after 
plating at 55° C., 8,700 lb./sq. in. at 70° C. and 5,800 
lb./sq. in. at about 80° C. ; for hard, nickel deposits the 
figures are 28,500 lb./sq. in. at 30° C., 22,800 lb./sq. in. 
at 50° C. and 17,100 lb./sq. in. at 70° C. A minimum 
stress has been reported for nickel coatings at 55° C. for 
the Watts bath and 43° C. for the sulphamate bath. The 
effect of varying the current density depends upon 
the particular bath, however the tensile stress often 
increases with the current density e.g. for copper cyanide 
at 20A./sq. ft. the stress is 8,700 lb./sq. in. and at 
40 A./sq. ft. it is 14,700 lb./sq. in. It has been found that 
the current efficiency is related to the resulting stress and 
so the current density which gives the lowest tensile 
stress may be that corresponding to the maximum 
current efficiency; this would reduce the production of 
hydrogen and so reduce any tendency to hydrogen 
embrittlement or internal stress due to the incorporation 
of hydrogen in the deposit.
Variations in the concentrations of the constituents in 
the bath also affect the internal stress. The structure of an
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electrodeposit depends upon the pH of the plating bath. 
This is particularly true of nickel deposits and the 
oxygen and hydrogen content of the deposit increase 
rapidly above a pH of about 5. The tensile stress also 
increases noticeably at a similar pH and the stress values 
are 25,000 lb./sq. in. at pH =  5, 43,000 lb./sq. in. at 
pH =  5-5 and 60,000 lb./sq. in. at pH =  5-7. Increasing 
the concentration of chromic acid in a conventional 
bath decreases the internal stress in the chromium deposit. 
As the copper concentration in the Rochelle cyanide 
bath increases the tensile stress decreases, e.g. 9,700 
lb./sq. in', with 2*5 oz./gal., 8,700 lb./sq. in. with 4 oz./ 
gal. and 8,000 lb./sq. in. with 5 oz./gal. Invthe Watts. 
bath the tensile stress increases linearly with chloride 
content rising from 17,000 lb./sq. in. in a 2N nickel 
bath in steps of 7,000 lb./sq. in. for every 0-5 N  addition 
of nickel chloride up to 46,000 lb./sq. in.; a similar 
effect occurs in the nickel sulphamate bath.
Addition agents are commonly used in plating baths 
to reduce pitting and to give bright and level deposits. 
The addition agents used in bright nickel baths often 
considerably increase the tensile stress and corrosion 
rate of a deposit, hence the frequent use of stress reducing 
addition agents. However, in copper plating baths the 
use of benzotriazole,18 which is codeposited with the 
copper, increases the tensile stress and gives a bright 
coating with increased corrosion resistance. Naphthalene 
sulphonic acids (1,3,6-; 1,5—; 2,7- and 2-) produce 
compressive stress in nickel deposits from the Watts 
bath (even, in some cases, when only a 0-003M solution 
is used). Saccharin and p-toluenesulphonamide are also 
used to reduce the tensile stress in nickel baths. Impurities 
in a plating bath are also important. Marti19 has studied 
the effect of foreign ions in a nickel sulphamate bath and 
found that to change the stress by 1,000 lb./sq. in. 
(normally the stress is increased) concentrations of as 
little as 5 p.p.m. of phosphate or nitrate or as much as 
300 p.p.m. of iron or 1,000 p.p.m. sulphate are required.
Another method of reducing internal stress is the 
periodic reversal of the plating current or the super­
imposition of alternating current on direct current. 
Thus, reductions have been observed in the stress in 
copper deposits from the acidic bath from 1,750 lb./sq. in. 
to 1,290 lb./sq. in. and in silver deposits from the cyanide 
bath from 2,100 lb./sq. in. to 1,500 lb./sq. in. Kendrick20 
found that using an all chloride bath direct current gave 
dark deposits with low ductility and high tensile stress 
(56,000 lb./sq. in.) whereas with superimposed alternating 
current he obtained soft ductile deposits with a lower 
tensile stress (17,000 lb./sq. in.). Other metals which show 
a reduced'tensile stress with superimposed alternating 
current include chromium,, iron and cobalt. The extent 
of the change in the stress depends upon the frequency 
of the alternating current, the ratio of the direct to 
alternating currents and other plating variables.
The plating of nickel in an ultrasonic field has been 
fotmd21 to improve the ductility and adhesion, increase 
the hardness and decrease the internal stress of the 
deposit. The stress was less than half that when plated 
under normal conditions, the reason suggested was that 
the ultrasonic field encourages the molecular hydrogen 
on the nickel surface to form bubbles which are shaken 
off and so the hydrogen does not penetrate into the 
metal. In contrast with normal conditions, as the 
temperature of the bath increases so does the stress in 
the deposit produced in the ultrasonic field.
A  post plate heat treatment may be used to reduce the 
internal stress. The introduction of hydrogen into the
lattice during plating may give a stress of up to 10,000 
lb./sq. in.; if this hydrogen is removed and there is no 
external force the stress is completely removed without 
damage to the lattice. Hence with nickel and chromium 
coatings, which are permeable to hydrogen, a short 
bake at about 200° C. will remove the hydrogen and so 
reduce the stress and any tendency for hydrogen 
embrittlement. However, with zinc and cadmium coat­
ings, which are relatively impermeable to hydrogen, a 
much longer time is required for the baking (about 
24 hours) at 200° C. An alternative method is to deposit 
a very thin coating of zinc or cadmium and then to bake 
it for a very short time. This thin coating allows the 
hydrogen to diffuse outwards but on subsequent plating 
it acts as a barrier against the inward diffusion of more 
hydrogen. A heat treatment of between 5 and 16 hours 
at 1600° C. in hydrogen has been used to produce 
ductile, recrystallised chromium electro-forms with 
both the cracks and the stress removed.
The use of a soft silver undercoat which allows some 
stress relief by plastic deformation when coated with 
highly stressed rhodium has been proposed by Reid. 
Similarly a layer of lead or tin between a nickel deposit 
and a steel base has been shown to prevent cracks in the  ^
nickel spreading into the steel under fatigue conditions.
Conclusion
In this paper it has been shown that the internal stress 
in an electrodeposit has an important effect on the 
final performance of the finished article. This aspect of 
plating has not always been sufficiently considered by the 
metals engineer. From a production aspect an under­
standing of the properties affected by internal stress in a 
deposit and possible methods to reduce any detrimental 
effects is vital in the manufacture of satisfactory coatings. 
Therefore for control purposes, wherever the magnitude 
of the internal stress is important, regular stress measure­
ments during plating should be made.
At present the cause of the internal stress is not fully 
understood although many theories have bfeen proposed. 
These theories are discussed in recent reviews1- 17- 22- 23>24 
which include detailed descriptions of the measurement 
and significance of internal stress in electrodeposited 
metallic coatings.
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W hitehead
Changes
Increase
Production
and
Im prove
Quality
The six finishing stands and run-out conveyor of the narrow hot strip mill.
THE recent completion of two extremely complex engineering feats has added to the product range and increased the competitive power of the 
Whitehead Works at Newport, M onmouthshire. The 
modernisation at W hiteheads (a member of the East 
Moors and Whitehead Division of the British Steel 
C orporation, South Wales Group) involved the building 
of a new narrow hot strip mill at a cost of £2 million, 
together with the amalgamation of two bar mills and 
various ancillary work involving a further total of 
£350,000.
The new strip mill, capable of finishing speeds varying 
from 1,200-3,600 ft./min., according to gauge, replaces 
one installed in 1920. Its highly sophisticated tension 
control enables it to produce strip of very consistent 
quality with excellent surface characteristics. It also 
covers a wider range of widths (2 in. to 8 in.) and 
gauges (0-040 to 0-250 in.) than the old mill and can 
provide heavier coils.
The bar mill conversion means that instead of con­
centrating largely on rolling cut lengths of reinforcing 
bars for the construction industry, W hitehead’s are now 
producing forging quality bars and bars for the m anu­
facture of nuts and bolts. Eventually they will be able 
to supply also bars, hexagons and flats for bright 
drawing.
M ajor users of narrow strip produced on the new hot 
mill are the tube m anufacturers but the car industry 
also takes large quantities for the production of suspen­
sion units, wheels, exhaust systems, starter motors, 
lam p reflectors and many other essential parts. W hite­
head’s also supply material for a variety of household 
articles, such as washing machines, refrigerators, TV 
sets and even lipstick cases.
The new mill was designed by Schloemann, A .G ., of 
West Germany, and manufactured in G reat Britain 
by Wellman Machines, Ltd. It is built along the line of 
the old mill and phasing new units with the old as 
installation proceeded, presented engineers and pro­
duction personnel with many problems, all of which 
were overcome with negligible interruption to production.
The bar mill operation also needed intricate planning, 
since sections of the old No. 1 mill had to be incorporated 
into No. 3 mill with the minimum of lost production 
time.
M ill  Descriptions
The new narrow strip mill has been designed to meet 
the call for strict limits on tolerances by the installation 
of twelve horizontal stands which are divided equally 
in the roughing and finishing sections. There are also 
two vertical stands which are capable of heavy reduction 
in sizing of slabs and billets.
Two edging mills complete the complement of roll 
stands and are used for light control to help maintain 
the essential tolerances now required with hot strip. 
To further guarantee the strict rolling limits, an Exatest 
width gauge has been fitted to give a continuous 
indication of the coil width.
Red hot bars, half an inch in diameter, being coiled on the pouring
reels.
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b i c v u  v p i o u i i y  ■■■ a i i  u i u a o u i i i u  i i d i u
by R. W alker, M .Sc., M .Sc.(Eng.), (Department of Metallurgy and 
Materials Technology, University of Guildford) and
J . F. Clements, B.Sc., (Metals Research Ltd.)
Electrodeposits of improved physical and mechanical 
properties are obtainable by plating in an ultrasonic field
PLATING in an ultrasonic field has been found to 
produce felectrodeposits with improved physical and 
mechanical properties. Using ultrasonics, an increase 
has been observed in the brightness, hardness, and 
adhesion of deposits as well as a decrease in the 
grain size, internal stress and porosity. A higher 
current density can be used during plating with ultra­
sonics than under normal conditions and this 
decreases the deposition time required to produce a 
specific thickness. The use of an ultrasonic field 
during plating is particularly beneficial if hydrogen is 
produced in deposition, because it reduces the 
tendency for atomic hydrogen to enter the metal and 
give hydrogen embrittlement of the plated article: 
Since the observation by Young and Kersten(,) 
in 1936 of ripples in electrodeposits produced in an 
ultrasonic field, little work has been done until fairly 
recently. The effect has been studied extensively in 
the U.S.S.R., but it is difficult to assess the work 
because many of the papers published have not yet 
been translated into English.
This paper reviews some of the literature on ultra­
sonic plating. It reports on the results of a com­
parison, which has been made by the authors, of the 
properties of deposits from this type of bath with 
those obtained from a static and a stirred acidic 
copper-sulphate plating bath.
In the majority of the literature it has been assumed 
that the main effect of an ultrasonic field is similar 
to that of intense mechanical mixing. These 
vibrations produce a more uniform composition in the 
electrolyte than can be obtained by any other method 
of mixing used in electrodeposition(2). Ultrasonic 
vibration has also been found to achieve a more 
uniform deposit than can be produced by mechanical 
mixing of the plating solution.
Current density
For many metals, a much higher current density 
an be used when plating in an ultrasonically 
irradiated bath than in a static or mechanically 
gitated bath(3 4). The reason for this increase is 
hat an ultrasonic field reduces the polarization of 
he solution at the metal surface and makes the layer 
f electrolyte adjacent to the electrode more uniform, 
ecause the polarization is reduced, the total voltage 
equired for the process is also reduced; this has 
een described for copper plating from the cyanide 
ath(5).
The effect of different electrolyte conditions on the 
aximum current density which can be used in 
opper plating wire has been investigated by
Luk'yanov and Pavlov(6). They found that for a 
stationary electrolyte the maximum current density 
was 15 A /dm 2, which increased to 50 A /dm 2 when 
the solution was mixed mechanically; in an electrolyte 
vibrating at a frequency of 100Hz, the current density 
was 75 A /dm 2, and this increased to 125 A /dm 2 
when an ultrasonic field was used. This last form 
of mixing permitted the plating time to be reduced 
by a factor of about 8 compared with the static 
solution.
The extent of the increase in the highest current 
density which can be used in an ultrasonic field com­
pared with ordinary conditions, depends upon the 
particular plating bath. This has been studied for 
the deposition of many metals including 
chromium(7 8 9), silver(l0), gold(ll), and cadmium(l2). 
For zinc plating, the increase in the current density 
has been widely studied*12-17> and given as 
2<|8), 509), and 7<20) for different baths. An increase 
of 25-fold has been recorded for nickel from acid 
baths(2l) and 15-fold for the nickel cyanide bath(,). 
Copper deposition from an ultrasonic bath has been 
studied(22) and increases of two or three-fold found 
for ammonia electrolytes(23), eight-fold(24) and 20 to 
30-fold(l) for cyanide baths. For the acid copper 
bath, the increase depends upon the bath com­
position; as follows: with 200 g/1 copper sulphate 
and 60 g/1 sulphuric acid(24) the increase was from 
5 A /dm 2 to 16 A /dm 2, and with 250 g/1 and 75 
g /1 (6) was from 15 A /dm 2 to 125 A /dm 2. Good 
deposits*25) have been produced from the sulphate 
bath with a current density of 140 A /dm 2 whereas 
spongy coatings are produced under ordinary plating 
conditions.
The extent of the possible increase in the current 
density depends upon the intensity of the ultrasonic 
field and the electrolyte temperature. As the 
intensity increases from 0.05 to 1.0 W /m 2 x 10- 4 at 
20°C, the plating rate increases by factors of 1.85 and 
4.12 compared with ordinary conditions*26). These 
increases are indicated at different temperatures: they 
are 2.8 and 5.92 at 10°C, and 2.61 and 6.28 at 35°C, 
and 3.72 and 7.36 at 50°C.
The use of an ultrasonic field is beneficial because, 
due to the decrease in the polarization, it is possible 
to plate from electrolytes with much lower concen­
trations of salts than normally used. Good quality 
deposits of nickel(21 27 28) and copper(6 27) have 
been obtained from very dilute solutions. This 
improvement may be due to the electrical con­
ductivity of electrolytes, this increasing when they 
are subject to an ultrasonic field*29), or may result 
from the elimination of dissolved gases from the
0 0 METAL FINISHING JOURNAL APRIL 1970
l a i K i n g  I ' o i n t s
by PLATELAYER
plated fo a m . . .
BY nickel plating a plastic foam, Dunlop have devel­
oped a material which is finding applications in such 
diverse fields as sound absorption in high-temper- 
ature environments, in flame arrestors and as 
catalyst supporters. An important use for the mate­
rial is as a burner, especially for natural gas, where 
conventional burners present flame stability prob­
lems. The new burner employs two £in thick plates 
of this material, supported by a bottom plate and a 
gallery, into which the gas is fed at low velocity; here 
it mixes with air, giving a stable, short blue flame 
over the whole surface of the matrix, which measures 
5in by 5^in. In the average domestic appliance, a 
heat release of 1500— 1800 Btu/in2 per hour is 
obtained, with a complete absence of noise although 
rates of up to 7100 Btu/in2 per hour can be reached 
with higher gas pressures. It will operate in any 
attitude.
Basically, the idea of a porous matrix as a burner 
is not new, although making it of metal in this way 
is an innovation. For some years, Maywick Appli­
ances Ltd. has been producing a luminous wall 
furnace, in which the gas is burned at the face of a 
porous ceramic through which it passes.
A recent installation at the Research Centre of the 
Tubes and Pipes Division, British Steel Corporation, 
Corby, has two firing walls, each measuring 32in by 
20in, with a steplessly variable heating input capacity 
of 20 000— 80 000 Btu/ft2 per hour. It is claimed that 
the heating and cooling times for this furnace are 
exceptionally rapid. In particular, cooling twenty 
times faster than with electric furnaces is obtainable 
by switching off the fuel supply and blowing air only 
through the firing surfaces. The heating is also said 
to be particularly uniform.
how  the French do i t . . .
Our French contemporary, Galvano, has just car­
ried out a survey of the interests of its 2650 readers. 
A questionnaire was sent out to them, and a 
response of 41.6% was obtained.
It appears that almost half the readership is about 
equally divided between jobbing platers and supply 
houses, and that each copy is read by an average of 
4.3 persons.
The importance of the advertising is significant, 
69.4% of readers saying that they turn to the adver­
tisement pages when they have a technical equip­
ment problem, and that generally the information 
available there meets the needs of 81.4% of them. 
Finally, the natural frugality of the French shows it­
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self in the fact that they don't throw their journals 
away as soon as they have finished with them : 
87.5% of subscribers keep their copies of Galvano 
for an average of no less than six years.
mutual b e n e fit. . .
An indirect consequence of recent interest in 
British plating supply houses by American companies 
is, oddly enough, a much closer integration of the 
industry in this country with Europe. This should 
make things a bit easier when (and if) we join the 
Common Market.
The reason for this is that whereas British com­
panies hitherto worked through agents on the 
Continent (with all the problems which this entails), 
American companies, for the most part, conduct 
their business on a group basis with a single 
European headquarters. The companies concerned 
therefore act as a European consortium, often highly 
autonmous, with a great deal of freedom of action.
The result is that customers everywhere get better 
service, and the pooling of research results is also 
of great benefit to customers as a whole. It also 
eliminates the curious situations which arose from 
time to time when agents could be in competition 
with their principals in the export field, for a variety 
of reasons.
c o b a lt. . .
One of the results of the nickel shortage may well 
be that cobalt could become a permanent feature of 
the plating scene, either on its own or as an alloy 
with nickel. In this country nickel-cobalt alloy 
plating was fairly extensively used shortly after 
World War II, because it happens to be an essential 
constituent of the cobalt-formate process— one of 
the first bright-plating methods to be put into suc­
cessful commercial production in this country. The 
mechanism whereby formates brighten nickel-cobalt 
alloys, but do not brighten nickel deposits alone, 
has, incidentally, never been satisfactorily explained. 
By the time the interest of research workers had been 
aroused, the process was superseded by the organic 
bright nickels.
Cobalt is substantially dearer than nickel, but one 
of the consequences of the shortage of the latter 
metal is that cobalt became cheaper than the free 
market price of nickel. Hence, the interest in re­
placing nickdl, part at any rate, with cobalt. A num­
ber of proprietary nickel/cobalt alloy processes has
Continued on page 106 
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plating from solutions of simple salts without the 
addition of the buffers or compounds which are 
normally used to increase the conductivity and, with 
ultrasonics, good deposits can be obtained from a 
solution of nickel sulphate.
Throwing power
The ability to plate a uniformly thick deposit over 
an irregular surface depends upon the throwing 
power. When uniform corrosion occurs, the life of a 
plated article increases with the coating thickness 
and perforation of the deposit occurs at areas with 
the thinnest deposit. From a practical aspect, it is 
necessary to specify the important functioning areas 
of a plated article and to ensure that these areas 
are well covered. However, it is economically 
wasteful to produce an article with too thick a 
deposit, so control of the metal distribution over the 
whole surface is very important.
Plating in an ultrasonic field has been found to 
produce a more uniform concentration of electrolyte 
at the cathodic surface and to improve the throwing 
power of copper(24 3I), zinc(l6 26 3I), nickel(24 31 32), 
cadmium*24), chromium*8 33 34> and tin*24). However, 
some workers have observed no difference in zinc*'9), 
nickel*35 36) and chromium*36), and in some cases 
the throwing power is even reduced*35 3y). More 
uniform or smoother deposits of copper*38-40), 
nickel*36 38), cadmium *38 4I), zinc*19 18 38 42), silver*38), 
gold*38) and chromium*43 44), have been produced in 
an ultrasonic field.
Current efficiency
The current efficiency is the percentage of the total 
current usefully employed in the cathodic deposition 
or anodic dissolution of a metal. If the current 
efficiency is less than 100%, some of the current is 
used in detrimental secondary reactions such as the 
co-deposition of hydrogen at the cathode. The effect 
of plating in an ultrasonic field has been found to 
increase the cathodic current efficiency in the plating 
of copper*45), chromium*7 34), gold*"), nickel*32) and 
zinc *'3). An increase from 14% to 23% has been 
found for chromium deposits at certain field 
intensities*9*.
The current efficiency has been shown to depend 
upon the current density for copper plating from the 
pyrophosphate bath*46). The variation in the current 
efficiency compared with an intensively mechanically 
agitated bath, is indicated below:
current density 2 4 6 7 9 A /dm *
current efficiency 99.5 97.5 90 80 68%
current density 12 
current efficiency 97
16 20 22 24 A /dm *
95 95.5 95 90%
intensive
agitation
ultrasonics
The quality of the deposits was improved by ultra­
sonics: the deposits at 7 and 9 A /dm 2, with 
mechanical agitation, were dark and powdery where­
as those at a much higher value of 20 A /dm 2 with 
ultrasonics were smooth and bright, at 22 A /dm 2 they 
were smooth and matt and at 24 A /dm 2 rough and
the maximum current density by a factor of 4.5.
Ultrasonics has been found to increase the current 
efficiency during the deposition of cadmium*47) and 
has also completely eliminated the hydrogen em­
brittlement produced during this process. An increase 
in the anodic current efficiency has also been 
observed*48), but breaking up of a nickel anode*3') may 
occur as indicated by the nickel powder which 
collects at the bottom of the plating tank. Passive 
anodes*49), which do not corrode in a stationary 
solution, dissolve in the same solution when subject 
to ultrasonic vibration and this eliminates the need to 
use depassivators.
Physical and mechanical properties
Ultrasonic vibration of a plating bath decrease polar­
ization *20 50) at the anodic and cathodic surfaces. 
This effect at the cathode should produce a larger 
grain size but, in fact, a smaller grain size has been 
observed for nickel*36 5I), chromium*36) and zinc*12 
i4 5i—53) Thjg reduction in the grain size may have 
a considerable effect on the microhardness, bright­
ness, porosity and internal stress of the deposits. A 
brighter, finer-grained deposit has been produced in 
many instances *8 9 20 54). However, the grain size 
depends upon the frequency and intensity of the 
ultrasonic vibration, and in copper deposits a larger 
grain size has been observed*55) when a frequency 
greater than 330 kHz was used.
Microhardness
The hardness of electrodeposited metals exceeds that 
of metals obtained by other methods. The hardness 
is further increased for many metals, including 
gold*" 56), silver*57), copper*28 40 55), cadmuim*12), zinc 
*12) and chromium*28 34) with the use of ultrasonics. 
Large increases have been observed for deposits of 
nickel*58) from 215 to 310 VPN, and also from 260 
to 400 VPN, and for chromium*23) from 740 to 920 
VPN. The wear resistance of iron deposits has been 
found to be much higher for deposits from an ultra­
sonic field than for ordinary deposits*59).
A slight increase occurred in the hardness of 
cadmium*5') and chromium*60), although other workers 
found no change for copper*' 22), nickel*36) and 
chromium*36 55) and, in at least one instance, the 
hardness decreased*58).
Macnaughton and Hothersall*6') have suggested 
that the hardness of electrodeposits is connected 
with their grain size; the finer the grain size the 
greater the hardness. For one grain size, differences 
in the hardness may be due to a different packing 
of atoms in the crystal lattice. Miller and Kuss*28) 
thought that the intense agitation of the electrolyte 
produced by the ultrasonic vibration favoured the 
inclusion of more foreign materials in the deposit, 
thus increasing the hardness.
Internal stress
The internal stress in an electrodeposit is the force 
per unit area acting in a direction parallel to the 
plated surface. The stress may be tensile or com-
METAL FINISHING JOURNAL APRIL 1970 1 0 1
effect on many properties. A high tensile stress is 
normally detrimental to the properties of the plated 
article and practical methods which can be used to 
reduce this stress to a low tensile or compressive 
value are important. The measurement and im port­
ance of internal stress have been covered elsewhere
( 62— 6 5 )
The application of ultrasonic vibrations reduces 
the internal tensile stress in nickel deposits (66 67). 
Deposits were produced w ith a low stress and good 
adhesion, whereas coatings from the ordinary bath 
had a high stress and cracked or peeled away from 
the substrate, which had a poor appearance and low 
corrosion resistance.
One proposed cause of internal stress in electro­
deposits is the incorporation of atomic hydrogen in 
the deposit or substrate. This hydrogen is produced 
during the deposition of metals w ith a current 
efficiency of less than 1 0 0 %, and the presence of 
hydrogen has been shown to produce a stress of 
up to 10 000 lb f/ in 2 (68). The production of gaseous 
hydrogen from atomic hydrogen at the cathodic 
surface is assisted by ultrasonic vibrations, which 
lower the potential at which the gas is liberated. 
This decreases the tendency for atomic hydrogen to 
be incorporated in the metal and reduces the internal 
stress of the deposit.
Other properties
The porosity of coatings produced w ith ultrasonic 
vibrations has been found to decrease in copper(40), 
nickel(26) and zinc(26), while the latter has also been 
plated in a non-porous form (l9). Ultrasonic vibration 
reduces the porosity in nickel deposits(69) from 130 
to 58 pores/cm 2 at a thickness of 3 microns, from 
10 to 4 pores/cm 2 at 10 microns, and from 3 
pores/cm 2 to pore-free at 15 microns. W ith copper 
deposits the reduction is even greater, from 460 to 
74 pores/cm 2 at 15 microns. This reduction in the
Fig. 2. Surface of deposit from stirred bath (x20).
of a cathodic coating tends to increase as the porosity 
decreases.
The adhesion of a coating may be related to the 
internal stress and a high tensile stress can cause 
peeling or cracking of a deposit(63). W ork on copper 
plating has shown that the use of ultrasonic vibrations 
increases the adhesion of the deposit0  22 40).
The brightness of deposits has been found to 
increase(4l) w ith ultrasonic vibrations in nickel 
(24 28 36 70)  ^ chTomium(36), copper(40), zinc04 l9) and 
cadmium0 7I). Deposits of other metals, including 
iron(69) and cobalt(69), are also brighter and in nickel 
deposits there is a three-fold increase in the 
reflectivity(69). This change in brightness may be 
due to the fact that the discharging ions, in an ultra­
sonic field, approach the cathode from an angle 
which depends upon the vibration. Another explana-
Fig. 1. Surface of deposit from static bath (x20).
Fig. 3. Surface of deposit from bath w ith  ultrasonic field
(x20).
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crystal structure, whereas with ultrasonics small 
crystallites are produced which appear to be smooth 
when viewed with the electron microscope.
Deposits of iron obtained in an ultrasonic field 
were found to have much higher wear resistance 
than ordinary deposits(59). As mentioned before, 
there is less hydrogen pick-up when plating in an 
ultrasonic field(47 72). Thus, steel springs which 
have been zinc plated to a thickness of less than 
5 microns have much better elastic properties than 
those plated from the ordinary bath. The initial 
improvement is 12% from the acid sulphate bath and 
can be as high as 22% from the cyanide bath(73). In 
alloy plating, ultrasonics have been used to produce 
improved copper alloy deposits which are brighter, 
harder, more adherent and less porous(40).
Experimental
All the plating experiments were conducted in large 
beakers immersed in an ultrasonic unit with an output 
of 30 kHz. Preliminary tests showed that the 
temperature of water in the tank rose by up to 10°C 
in the first hour (Kochergin found an increase of 
15°C after 10 min. at a frequency of 28 kHz). 
Because it was necessary to conduct all the investi­
gations at approximately the same temperature, a 
copper cooling coil was made to fit into the tank, and 
the rate of flow of cooling water was adjusted so 
that there was no detectable change in temperature 
during deposition.
In all the experiments, copper was plated from a 
bath containing 125 g/1 copper sulphate and 49 g/1 
sulphuric acid of commercial purity. The electrodes 
were degreased with acetone, pickled in concentrated 
nitric acid and thoroughly washed in distilled water. 
A current density of 2.16 A /dm 2 was used (unless 
otherwise stated) and the plating baths were at 
room temperature (approximately 18°C).
The throwing power was determined using a Haring 
Blum cell(74) with two flat cathodes and a perforated 
anode of similar size between them. The ratio of 
the distances between the anode and cathodes was 
fixed at 5:1. The cathodes were cleaned, weighed, 
put into the cell and a current passed through the 
electrolyte for 15 min. and then the cathodes were 
weighed again and the formula of Field(75) was used 
to calculate the throwing power. The current 
efficiency was compared for the same three solutions 
using cells in series.
The micro-hardness of copper deposits was 
measured with a GKN micro-hardness testing 
machine. Thick deposits were produced by plating 
for an hour, so that the depth of the indentation used 
in the measurement of the hardness was less than 6% 
of the total thickness. The hardness of the substrate 
copper was also measured to check the validity of the 
results obtained.
The internal stress was measured with a Brenner 
Senderoff spiral contractometer, the use of which 
has been fully described elsewhere (63 76 77). The 
copper was deposited on to a stainless-steel spiral 
which had previously been plated with nickel (from
bath).
In most of the experimental work, a comparison 
was made between a stagnant, a magnetically 
stirred, and an ultrasonically agitated solution. The 
plating cells were arranged in series with identical 
electrodes, so that the current density, plating time 
and deposit thickness were the same in each case.
RESULTS  
Appearance
The deposit from the bath with ultrasonic vibration 
had a smoother and brighter surface with a finer 
grain size than those without vibration. This is 
illustrated in figures 1, 2 and 3 which show the sur­
face of deposits from the still, stirred and ultrasonic 
baths, respectively.
Throwing power
The throwing power of the still, stirred and ultrasonic 
baths was measured with a range of current density 
from 1.3 to 2.6 A /dm 2. For all the range of current 
density there was very little difference in the throwing 
power of the three baths.
Current efficiency
The weight of copper deposited at the cathode or 
dissolved at the anode was determined for the three 
baths. The weight change for both the cathode 
and anode in the still bath was higher than in the 
ultrasonic bath, but less than in the stirred bath. In 
all baths, the anodic current efficiency was greater 
than the cathodic, the maximum difference being 3%. 
The ultrasonic bath had the highest cathodic current 
efficiency, but was only 0.15% and 0.1% above those 
for the still and the stirred baths, respectively.
Maxim um  current density
The photographs, figures 4, 5, and 6, show copper 
deposits from the three baths at a current density of 
2.16 A /dm 2. The deposit from the still bath was 
non-coherent, dark and powdery with a ' burned ' 
appearance. The one from the stirred solution 
showed some burned deposit, but was better than 
that from the still bath. A good deposit was pro­
duced from the ultrasonic bath- at 2.16 A /dm 2 and 
also with a current density of 4.32 A /dm 2.
Internal stress
In all the copper deposits plated at different current
densities, the stress in the deposit produced in an
ultrasonic bath was lower than that in a stirred
solution —  in some cases the reduction was as high
as 50%. In both baths, the stress at a given deposit-
thickness increased with the current density.
Typical stress values for deposits of thickness
about 0.4 x 10—4 in (1.0 x 10~5 cm) are given below:
C. density A/dm2 3.13 6.26 7.78 9.28
stirred bath 710 1130 1160 1440
Stress Ibf/in uItrasonic bath 54Q 63Q 81Q 1030
Microhardness
The hardest copper deposits were obtained from the 
ultrasonic bath; the stirred solution gave harder 
deposits than the still solution.
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Fig. 4. Copper deposit from static bath at 2.16 A /d m 2.
Fig. 6. Copper deposit from ultrasonic bath at 2.16 A /d m 2.
Fig. 5. Copper deposit from stirred bath at 2.16 A /d m 2.
Fig. 7. Effect of agitation— static— on m icrostructure (x200).
Fig. 8. Effect of agitation— stirred— on m icrostructure (x200)
Fig. 9. Effect of agitation— ultrasonic— on m icrostructure  
(x200).
J* ■*; 
t*. * m
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VPN VPN
Still 63—  91 75
Stirred 82— 111 95
Ultrasonic 97— 119 111
A similar order was found for nickel deposits plated 
from the Watts bath.
Grain Size
The effect of the bath condition on the grain size was 
very marked. As shown in the microphotographs, 
figures 7, 8 and 9, the still bath produced columnar 
grains, the stirred bath fewer columnar grains and the 
ultrasonic bath gave equiaxed grains.
DISCUSSIO N
This paper reports on the effect of using ultrasonic 
vibrations during the plating of copper from the 
copper sulphate-sulphuric acid bath. This type of 
agitation has been shown to produce deposits with a 
brighter appearance and better properties than those 
obtained from a stirred or still bath.
The maximum or critical current density which can 
be used to produce good deposits, without a 
' burned ' appearance, was found to be at least twice 
as high with ultrasonic vibrations as with a stirred 
solution. This means that the plating time required 
to produce a deposit with a specified thickness can 
be reduced by a factor of at least two, if ultrasonic 
vibrations are used.
The grain size of deposits from an ultrasonic 
plating bath is smaller than from stirred or still 
solutions. This produces an increase in the micro­
hardness of the deposits which is beneficial for 
mechanical properties, e.g., wear and load-bearing 
surfaces; it also reduces the internal tensile stress 
in electrodeposits. This is advantageous because a 
decrease in the tensile stress reduces the tendency 
of a deposit to peel away from the substrate or for 
the deposit to crack, both of which may increase the 
corrosion rate of the plated article. A decrease in 
the tensile stress improves the stress corrosion, 
fatigue and corrosion-fatigue properties of the 
finished product.
The literature review surveys the other improved 
properties which are obtained by using ultrasonics, 
such as lower porosity, reduced hydrogen embrittle­
ment and better adhesion. The current efficiency 
and throwing power may also be improved in certain 
plating baths. Another advantage is in the electro- 
deposition of alloys(40 78 79> in which ultrasonic 
vibration affects the cathodic polarization and, con­
sequently, the composition of the alloy deposit.
It is for these reasons that, even though the cost 
of the equipment is considerable, the use of ultra­
sonic vibration is being used to an ever-increasing 
extent in the electrodeposition of metals (3 14 80 8I>.
Acknowledgem ent
The authors wish to thank Professor M. B. Waldron 
for his interest and for the provision of facilities at 
the University of Surrey.
1. W. Young and H. Kersten, J. Chem. Phys. 1936 4  426.
2. S. G. Kochergin and G. Y. Vyaseleva, Electrodeposition of 
metals in ultrasonic fields. Consultants Bureau, New 
York, 1966, p5.
3. J. M. Odekerken Brit. Communications and Electronics 
1960 7  (5 )  346.
4. R. Brown, M achinery (Lond) 1961 94 (2545) 415.
5. C. B. Kenahan and D. Schain, Plating 1961 48 (1) 37.
6. V. I. Luk’yanov and A. M. Pavlov, Application of ultra­
sonics in machine construction, Izd. TsINTi 1960 p.80.
7. V.N. Nud'ga, Protection of metals, 1968 4 (6) 639.
8. N. N. Balashova, V. A. Zhikh and A. F. Ibragimova
Zashchita, M etallov  1969 5 (3) 247.
9. A. M. Ginberg, V. N. Nud'ga and Yu. N. Perrov, Soviet 
electrochemistry 1967 3 ( 6 )  698.
10. V. K. Altukhov and I. Marshakov, Elektrokhimiya, 1966 2
(8) 985.
11. L. Urdsel, Trans. Inst. M eta l Finish. 1966 44 (4) 161.
12. R. J. Lanyi, Westinghouse S.A.E. reprint 483 C of
Meeting 8— 12 Jan. 1962.
13. Anon, M eta l Ind., 24 Oct. 1963 103 (17) 622.
14. V. Filicheva, P. Margolin and I. Mochalina, Zh. A ik! Khim  
(USSR) 1963 36 (7) 1506.
15. S- R. Rich, Proc. 44th Annual Convention American
Electroplaters Soc. 1957.
16. H. A. Reich, M eta l Finishing Journal 1958 4  (39) 97.
17. C. B. Kenahan and D. Schlain, Rep. Invest. U.S. Bur. Min.
5890, 1961.
18. R. J. Fabian, M ater. Des. Engng. (USA) 1962 55 (2) 95.
19. D. N. Zakhar'in, I. A. Knyazev and M. V. Shchavina,
Novaya App. M eto d  Primen Nar. Khoz 1966 1 87.
20. N. T. Kudryavtsev, Zh. Prikl. Khim  (USSR) 1962 35  (2) 
328
21. A. I. Sobolev as (4) p-85. (
22. E. Kowalska and M. Miszersy^zyn, Pryabn Chem. 1967 46
(5) 284.
23. E. Kowalska, M. Miszersyszyn and J. Mizera, Pr. emysl 
Chemerczny 1967 5  284.
24. V. A. Mikhailov, N e w  results in electrolytic and ultrasonic 
treatm ent of metals, Lenizdat 1959 p.174.
25. F- Miller and H. Kuss, Z. Electrochem  1950 33 217.
26. Yu. M. Bystrov and N. A. Evdokimov, Akustika 1959 5  
241.
27. W. Wolfe, H. Chessin, E. Yeager and F. Hovorka, 
J. Electrochem. Soc. 1954 101 590.
28. F. Miller and H. Kuss, Helv. Chim. Acta 1950 33 217.
29. S. Hattem, Compt. Rend. 1943 229 42.
30. S. M. Kochergin et al Nauchn. Dokl, Vysshei Shkola 
Khimi Khim Tekhnol. 1958 4  779.
31. S. M. Kochergin and N. N. Terpilovskii, Zh. Fiz. Khim.
1953 27 394.
32. L. Domnikov, M eta l Finish, 1966 64 (7) 68.
33. T. Rummef and K. Schmelt, Korrosion M etallschutz 1943 
19 101.
34. N. V. Baloshov, V. A. Zhikh and A. F. Ibregmova, Prot. 
M etals  1969 5  (7) 397 (Russ).
35. A. N. Trofimov, Zh. Fiz. Khim  1958 32 1173.
36. B. A. Shenoi, K. S. Indira and S. Gowri, Electroplating
1966 19 (10) 362.
37. A. N. Trofimov, Use of ultrasonic vibration in investiga­
tion of substances, 1960 No. 12 MO PI.
38. E. Yeager and F. Hovorka, J. Accoust Soc. Am . 1953 24  
443.
39. S. M. Kochergin et al, Zh. Fiz. Khim  1958 32 930.
40. C. B. Kenahan, D. Schlain and E. Chin, US Bur. Mines
Rep. Inv. 6938 1967 Apr. 32.
41. R. Weiner, M eta ll 1961 15 (2) 97.
42. N- Branson, US Patent No. 3,351,539.
43. Y- N. Nud'ga, Elektronnaya Obrabot M a t 1967 1 50.
44. V. N. Nud'ga Elektronnaya Obrabot M at. Akad Nauk Midd 
SSR 1967 1 50.
45. S. I. Uspensky and M. A. Shluger, Elektrokhimiya 1966 
2 (2) 243.
46. L. Domnikov, M eta l Finish. 1969 67 (4) 59.
47. J. W. Mee, Trans. Inst. M eta l Finish. 1963 40 (5 )  242.
48. S. A. Shatsova, Y. A. Fel’dman, I. Borodavko and A. 
Ryabinova, Zh. Prikl Khim 1961 34  331.
49. G. Schmid and L. Ehret, Z. Elektrochem  1937 43 408.
50. F. Pavan, Galvano Tecnica 1968 19 (5) 83.
51. A. M. Smirnova and N. T. Kudryavtzev, Zhur. Prikl. Khim  
1962 35  330.
52. Z. N. Maraktonova, Mashinastr USSR 1962 11 32.
53. W. Redstreake, Iron Age (USA) 28 Feb. 1963 (9) 69.
54. A. P. Gindis and L. V. Gorshkova, Akust. U l 'trazvuk 1966 
2 96.
55. F. Levi, Ric. Sci. 1949 19 887.
METAL FINISHING JOURNAL APRIL 1970 105
57. F. Levi, Nuovo Cimento 1959 72 493.
58. As (2) p.19.
59. Yu N. Petrov, A. I. Ginberg, Yu. V. Granovsky and G. N. 
Zaidman, Elektronnayo Obrabot M at. 1968 (3) 45.
60. A. M. Smirnova and N. T. Kudryavtsev, Zh'ur. Prikl Khim  
1960 33 2521.
61. D. J. Macnaughton and A. W. Hothersall, Trans. Faraday 
Soc. 1928 24  387; 1935 37 1168.
62. R. Walker, M etallurgia 1968 78 (10) 131.
63. R. Walker, Internal stress in electrodeposited metallic 
coatings, Monograph, 1968.
64. M. I. Popereka, Internal stress in electrodeposited metals, 
West Siberian Publ. Co. Novoscbersk USSR, 1969.
65. J. B. Kushner, M eta l Finish 1958 56 (4) 46, (5) 82, (6) 
56, 7 (52).
66. H. S. Donk and B. D. Sonn, Chosun, K. W ahakwon  
Tonglio 1967 3 36 (Korean).
67. S. M. Kochergin and W. N. Terpilovskii, Zhur. Fiz. Khim. 
1953 27 394.
68. Z. Szklarasha-Smalowska and M. Smalowski, Bull Acad.
t>9. AS (Z.) p .21.
70. A. Roll, M eta l Finish 1957 9  55.
71. D. Fishlock, M eta l Ind. 1958 93 109.
72. L. Domnikov, M eta l Finish 1968 66 (9) 59.
73. A. M. Ginberg and A. P. Gorina, Corrosion protection of 
steel springs Sudpromgix L. 1958.
74. H. Haring and W . Blum. Trans. Electrochem. Soc. 1923 
44  313.
75. S. Field, J. Electrodepositors Tech. Soc. 1932 7 83; 1934 
9 144.
76. A. Brenner and S. Senderoff, J. Res. Nat. Bur. Stand. 
1949 42 89.
77. H. Fry and F. G. Morris, Electropig., M eta l Finish 1959 
72 207.
78. W . Mogerman, Plating 1967 54 (8) 941.
79. N. Ya Fedotova, T. A. Ginberg and A. T. Vagramyan, 
Soviet Electrochemistry 1967 3 (9) 990.
80. S. Rich, Plating 1956 42 1407.
81. F. Pa van, Galvano Tecnica 1968 79 (5) 83.
TALKING POINTS
by PLATELAYER
Continued from page 99
!
now been introduced commercially. Although the 
price of cobalt has risen sharply since the renewal of 
interest in it, prices have been kept down by the 
release of about two million pounds a month from 
the American stockpile— the U.S. Government 
appears to have a surplus.
Accelerated tests indicate that cobalt/nickel alloy 
coatings behave quite satisfactorily, particularly 
under microcracked or microporous chromium, but 
there is little or no experience of their performance 
in extended service. Cobalt is, however, not recom­
mended for the semi-bright undercoat of a duplex 
nickel system. It is also known that from the duc­
tility and levelling points of view, cobalt-nickel alloy 
deposits are better than bright nickel; cobalt alone is 
inferior to either. Perhaps the ductility of the alloy 
has something to do with its musical properties; a 
well-known manufacturer of steel bicycle bells found
it inadvisable to change from a bright cobalt-nickel 
deposit to a straight nickel process because the tone 
of the ring was found to be much inferior!
Cobalt can be used in anode form, or as broken 
cathode sheet in titanium baskets, and must be 
adequately bagged. Additions can be in the form of 
cobalt chloride or sulphate; the cobalt plates out 
faster than nickel.
An alternative approach to the problem of the 
nickel shortage is to replace it with 50% of cop­
per in conjunction with mocrocracked or microporous 
chromium, since performance tests indicate that very 
good results are obtainable in this way.
There is no indication, incidentally, that nickel will 
be in great surplus even when the new deposits are 
exploited. The reason is that there are quite a few 
potential applications for the metal which are only 
being held back because of the present shortage.
Intergalva 70: galvanized steel in the seventies
GALVANIZING cuts maintenance, cuts 
costs. This is the theme of a special 
exhibition organised by Zinc Develop­
ment Association, on the Third Floor of 
the Building Centre, Store Street, 
London W.C.1., from 15 April to 1 May. 
It forms part of a comprehensive pro­
gramme of events arranged under the 
banner of Intergalva 70 —  the second 
International Galvanizing Year.
The exhibition is open to the public 
each day from 9.30 a.m. to 5 p.m.
Mondays to Fridays. Special displays 
include photographs of unusual and 
newly developed major uses— covering 
road furniture, transport, building, 
bridges, communications and power —  
together with cost-comparison charts 
and a range of publications about the 
process, fabrication techniques, finishing 
and applications. A representative 
selection of galvanized products will be 
exhibited and technical staff will be 
available to answer questions.
Among the series of meetings being 
arranged at the London Building Centre 
in conjunction with the exhibition there 
will be a special seminar on the Theory 
and Practice of Galvanized Steel Re­
inforcement for Concrete, to be held on 
Thursday, 21 April from 11 a.m. to 2 p.m. 
Guest speakers will be Mr. Turlogh 
O'Brien, of Ove Arup and Partners, and 
Dr. L. H. Everett, of the Building 
Research Station.
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